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Chapter 1 

INTRODUCTION AND BASIC CONCEPTS 


PROPRIETARY AND CONFIDENTIAL 


This Manual is the proprietary property of McGraw-Hill Education and protected by copyright and 
other state and federal laws. By opening and using this Manual the user agrees to the following 
restrictions, and if the recipient does not agree to these restrictions, the Manual should be promptly 
returned unopened to McGraw-Hill Education: This Manual is being provided only to authorized 
professors and instructors for use in preparing for the classes using the affiliated textbook. No 
other use or distribution of this Manual is permitted. This Manual may not be sold and may not 
be distributed to or used by any student or other third party. No part of this Manual may be 
reproduced, displayed or distributed in any form or by any means, electronic or otherwise, 
without the prior written permission of McGraw-Hill Education. 
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Thermodynamics 


1-2 


1-1C Classical thermodynamics is based on experimental observations whereas statistical thermodynamics is based on the 
average behavior of large groups of particles. 


1-2C On a downhill road the potential energy of the bicyclist is being converted to kinetic energy, and thus the bicyclist 
picks up speed. There is no creation of energy, and thus no violation of the conservation of energy principle. 


1-3C A car going uphill without the engine running would increase the energy of the car, and thus it would be a violation of 
the first law of thermodynamics. Therefore, this cannot happen. Using a level meter (a device with an air bubble between 
two marks of a horizontal water tube) it can shown that the road that looks uphill to the eye is actually downhill. 


1-4C There is no truth to his claim. It violates the second law of thermodynamics. 


Mass, Force, and Units 

1-5C Kg-mass is the mass unit in the SI system whereas kg-force is a force unit. 1-kg-force is the force required to accelerate 
a 1-kg mass by 9.807 m/s . In other words, the weight of 1-kg mass at sea level is 1 kg-force. 


1-6C In this unit, the word light refers to the speed of light. The light-year unit is then the product of a velocity and time. 
Hence, this product forms a distance dimension and unit. 


1-7C There is no acceleration, thus the net force is zero in both cases. 


1-8 The variation of gravitational acceleration above the sea level is given as a function of altitude. The height at which the 
weight of a body will decrease by 0.3% is to be determined. 

Analysis The weight of a body at the elevation z can be expressed as 
W = mg = ra( 9.807 - 3.32 x lO -6 ^) 

In our case, 

W = (1 — 0.3 / 100)VT v =0.997 W s =0.997 mg s =0.997(m)(9.807) 

Substituting, 

0.997(9.807) = (9.807 - 3.32 x 10 -6 z) » z = 8862 m Sea level 
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1-9 The mass of an object is given. Its weight is to be determined. 
Analysis Applying Newton's second law, the weight is determined to be 

W = mg = (200 kg)(9.6 m/s 2 ) = 1 920N 


1-10 A plastic tank is filled with water. The weight of the combined system is to be determined. 
Assumptions The density of water is constant throughout. 

Properties The density of water is given to be p = 1000 kg/m . 

Analysis The mass of the water in the tank and the total mass are 


m w =pV=( 1000 kg/m 3 )(0.2 m 3 ) = 200 kg 


mtotai = m w + m tank = 200 + 3 = 203 kg 


Thus, 



AT7 t ank = 3 kg 


W = mg = (203 kg)(9.81 m/s 2 ) 


IN 


1 kg • m/s' 


= 1991 N 


1-11E The constant-pressure specific heat of air given in a specified unit is to be expressed 
Analysis Using proper unit conversions, the constant-pressure specific heat is determined in 

1 kJ/kg • K 


c p =(1.005 kJ/kg -°C) 


1 kJ/kg • °C 


= 1.005kJ/kg K 


c p =(1.005 kJ/kg -°C) 


'1000J V 


c p =(1.005 kJ/kg -°C) 


lkJ 

/ 

lkcal 


1kg 

lOOOg 


= 1.005J/g °C 


4.1 868 kJ 


= 0.240kcal/kg °C 


c p =(1.005 kJ/kg -°C) 


1 Btu/lbm - °F 
4. 1868 kJ/kg .°C 


= 0.240 Btu/lbm °F 


in various units, 
various units to be 
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1-12 A rock is thrown upward with a specified force. The acceleration of the rock is to be determined. 
Analysis The weight of the rock is 

IN 


W = mg = (3 kg)(9.79 m/s") — = 29.37 N 

1 kg • m/s" 

Then the net force that acts on the rock is 

^net = ^up -^down = 200-29.37 = 170.6 N 
From the Newton's second law, the acceleration of the rock becomes 


F 170.6 N 

a = — = 

m 3 kg 


r \ kg • m/s 2 ^ 
IN 



Stone 


= 56.9 m/s 
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1-13 Problem 1-12 is reconsidered. The entire EES solution is to be printed out, including the numerical results with 


proper units. 

Analysis The problem is solved using EES, and the solution is given below. 


"The weight of the rock is" 

W=m*g 
m=3 [kg] 
g=9.79 [m/s2] 

"The force balance on the rock yields the net force acting on the rock as" 
F_up=200 [N] 

F_net = F_up - F_down 
F_down=W 

"The acceleration of the rock is determined from Newton's second law." 
F_net=m*a 

"To Run the program, press F2 or select Solve from the Calculate menu." 

SOLUTION 

a=56.88 [m/s A 2] 

F_down=29.37 [N] 

F_net= 170.6 [N] 

F_up=200 [N] 
g=9.79 [m/s2] 
m=3 [kg] 

W=29.37 [N] 


m [kg] 

a [m/s 2 ] 

1 

190.2 

2 

90.21 

3 

56.88 

4 

40.21 

5 

30.21 

6 

23.54 

7 

18.78 

8 

15.21 

9 

12.43 

10 

10.21 
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1-14 A resistance heater is used to heat water to desired temperature. The amount of electric energy used in kWh and kJ are 
to be determined. 

Analysis The resistance heater consumes electric energy at a rate of 4 kW or 4 kJ/s. Then the total amount of electric energy 
used in 3 hours becomes 

Total energy = (Energy per unit time) (Time interval) 

= (4 kW)(3 h) 

= 12 kWh 

Noting that 1 kWh = (1 kJ/s)(3600 s) = 3600 kJ, 

Total energy = (12 kWh)(3600 kJ/kWh) 

= 43,200 kJ 

Discussion Note kW is a unit for power whereas kWh is a unit for energy. 


1-15E An astronaut took his scales with him to space. It is to be determined how much he will weigh on the spring and beam 
scales in space. 

Analysis ( a ) A spring scale measures weight, which is the local gravitational force applied on a body: 

/ . „ _ \ 


W = mg = (150 lbm)(5.48 ft/s 2 ) 


1 lbf 


32.2 lbm-ft/s 


= 25.5 lbf 


( b ) A beam scale compares masses and thus is not affected by the variations in gravitational acceleration. The beam scale 
will read what it reads on earth, 


W = 150 lbf 


1-16 A gas tank is being filled with gasoline at a specified flow rate. Based on unit considerations alone, a relation is to be 
obtained for the filling time. 

Assumptions Gasoline is an incompressible substance and the flow rate is constant. 

Analysis The filling time depends on the volume of the tank and the discharge rate of gasoline. Also, we know that the unit 
of time is ‘seconds’. Therefore, the independent quantities should be arranged such that we end up with the unit of seconds. 
Putting the given information into perspective, we have 

t[ s] <-> V [L], and V [L/s} 

It is obvious that the only way to end up with the unit “s” for time is to divide the tank volume by the discharge rate. 
Therefore, the desired relation is 

V 

t - — 

V_ 

Discussion Note that this approach may not work for cases that involve dimensionless (and thus unitless) quantities. 
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1-17 A pool is to be filled with water using a hose. Based on unit considerations, a relation is to be obtained for the volume 
of the pool. 

Assumptions Water is an incompressible substance and the average flow velocity is constant. 

Analysis The pool volume depends on the filling time, the cross-sectional area which depends on hose diameter, and flow 
velocity. Also, we know that the unit of volume is nr . Therefore, the independent quantities should be arranged such that we 
end up with the unit of seconds. Putting the given information into perspective, we have 

V [m 3 ] is a function of t [s], D [m], and V [m/s} 

It is obvious that the only way to end up with the unit “m ” for volume is to multiply the quantities t and V with the square of 
D. Therefore, the desired relation is 

1/ = CD 2 Vt 

where the constant of proportionality is obtained for a round hose, namely, C =nl 4 so that V = ( 7iD 2 /4)Vt . 

Discussion Note that the values of dimensionless constants of proportionality cannot be determined with this approach. 


Systems, Properties, State, and Processes 


1-18C The radiator should be analyzed as an open system since mass is crossing the boundaries of the system. 


1-19C The system is taken as the air contained in the piston-cylinder device. This system is a closed or fixed mass system 
since no mass enters or leaves it. 


1-20C A can of soft drink should be analyzed as a closed system since no mass is crossing the boundaries of the system. 


1-21C Intensive properties do not depend on the size (extent) of the system but extensive properties do. 


1-22C If we were to divide the system into smaller portions, the weight of each portion would also be smaller. Hence, the 
weight is an extensive property. 


1-23C Yes, because temperature and pressure are two independent properties and the air in an isolated room is a simple 
compressible system. 
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1-24C If we were to divide this system in half, both the volume and the number of moles contained in each half would be 
one-half that of the original system. The molar specific volume of the original system is 

_ V 

v = — 

N 

and the molar specific volume of one of the smaller systems is 

_ V/2 V 

~ N/2 ~ N 

which is the same as that of the original system. The molar specific volume is then an intensive property . 


1-25C A process during which a system remains almost in equilibrium at all times is called a quasi-equilibrium process. 
Many engineering processes can be approximated as being quasi-equilibrium. The work output of a device is maximum and 
the work input to a device is minimum when quasi-equilibrium processes are used instead of nonquasi-equilibrium 
processes. 


1-26C A process during which the temperature remains constant is called isothermal; a process during which the pressure 
remains constant is called isobaric; and a process during which the volume remains constant is called isochoric. 


1-27C The pressure and temperature of the water are normally used to describe the state. Chemical composition, surface 
tension coefficient, and other properties may be required in some cases. 

As the water cools, its pressure remains fixed. This cooling process is then an isobaric process. 


1-28C When analyzing the acceleration of gases as they flow through a nozzle, the proper choice for the system is the 
volume within the nozzle, bounded by the entire inner surface of the nozzle and the inlet and outlet cross-sections. This is a 
control volume since mass crosses the boundary. 


1-29C The specific gravity, or relative density, and is defined as the ratio of the density of a substance to the density of 
some standard substance at a specified temperature (usually water at 4°C, for which p H 2 o = 1000 kg/m 3 ). That is, 
SG = p I P\\ 2 o • When specific gravity is known, density is determined from p = SGx p m Q . 
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1-30 The variation of density of atmospheric air with elevation is given in tabular form. A relation for the variation of 

density with elevation is to be obtained, the density at 7 km elevation is to be calculated, and the mass of the atmosphere 
using the correlation is to be estimated. 


Assumptions 1 Atmospheric air behaves as an ideal gas. 2 The earth is perfectly sphere with a radius of 6377 km, and the 
thickness of the atmosphere is 25 km. 


Properties The density data are given in tabular form as 


r, km 

z, km 

P, kg/m 3 

6377 

0 

1.225 

6378 

1 

1.112 

6379 

2 

1.007 

6380 

3 

0.9093 

6381 

4 

0.8194 

6382 

5 

0.7364 

6383 

6 

0.6601 

6385 

8 

0.5258 

6387 

10 

0.4135 

6392 

15 

0.1948 

6397 

20 

0.08891 

6402 

25 

0.04008 


Analysis Using EES, (1) Define a trivial function rho= a+z in equation window, (2) select new parametric table from Tables, 
and type the data in a two-column table, (3) select Plot and plot the data, and (4) select plot and click on “curve fit” to get 
curve fit window. Then specify 2 nd order polynomial and enter/edit equation. The results are: 

p(z) = a + bz + cz = 1.20252 - 0.101674z + 0.0022375z 2 for the unit of kg/m 3 , 

(or, p (z) = (1.20252 - 0.101674z + 0.0022375z 2 )xl0 9 for the unit of kg/km 3 ) 

where z is the vertical distance from the earth surface at sea level. At z = 7 km, the equation would give p = 0.60 kg/m . 

(b) The mass of atmosphere can be evaluated by integration to be 

m = f pdV = f (a +bz + cz 2 )4 7r(r 0 + z) 2 dz = f (a + bz + cz 2 )(r 0 2 + 2 r 0 z + z 2 )dz 

J Jz = 0 Jz - 0 

V 

= 4 7i\ar§ h + r 0 (2 a + br 0 )h 2 / 2 + (a + 2 br 0 + cr ( 2 )h 3 / 3 + (b + 2 cr 0 )h 4 / 4 + ch 5 / 5 ] 

where r 0 - 6377 km is the radius of the earth, h = 25 km is the thickness of the atmosphere, and a = 1.20252, b = -0.101674, 
and c = 0.0022375 are the constants in the density function. Substituting and multiplying by the factor 10 9 for the density 
unity kg/km , the mass of the atmosphere is determined to be 

m = 5.092xl0 18 kg 

Discussion Performing the analysis with excel would yield exactly the same results. 

EES Solution for final result: 

a=1 .20251 66; b=-0.10167 

c=0. 0022375; r=6377; h=25 

m=4*pi*(a*r A 2*h+r*(2*a+b*r)*h A 2/2+(a+2*b*r+c*r A 2)*h A 3/3+(b+2*c*r)*h A 4/4+c*h A 5/5)*1 E+9 
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Temperature 
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1-31C They are Celsius (°C) and kelvin (K) in the SI, and fahrenheit (°F) and rankine (R) in the English system. 


1-32C Probably, but not necessarily. The operation of these two thermometers is based on the thermal expansion of a fluid. 
If the thermal expansion coefficients of both fluids vary linearly with temperature, then both fluids will expand at the same 
rate with temperature, and both thermometers will always give identical readings. Otherwise, the two readings may deviate. 


1-33C Two systems having different temperatures and energy contents are brought in contact. The direction of heat transfer 
is to be determined. 

Analysis Heat transfer occurs from warmer to cooler objects. Therefore, heat will be transferred from system B to system A 
until both systems reach the same temperature. 


1-34 A temperature is given in °C. It is to be expressed in K. 
Analysis The Kelvin scale is related to Celsius scale by 
T( K] = T(°C) + 273 

Thus, 

T(K] = 37°C + 273 = 310 K 


1-35E The temperature of air given in °C unit is to be converted to °F and R unit. 
Analysis Using the conversion relations between the various temperature scales, 

T(° F) = 1 .87X°C) + 32 = (1 .8)(150) + 32 = 302°F 
T( R) = T{° F) + 460 = 302 + 460 = 762 R 


1-36 A temperature change is given in °C. It is to be expressed in K. 

Analysis This problem deals with temperature changes, which are identical in Kelvin and Celsius scales. Thus, 
AT(K] = AT(°C) = 70 K 
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1-37E The flash point temperature of engine oil given in °F unit is to be converted to K and R units. 


Analysis Using the conversion relations between the various temperature scales, 


T( R) 

n k ) 


= 7X°F) + 460 = 363 + 460 = 823 R 
T( R) 823 


1.8 1.8 


= 457K 


1-38E The temperature of ambient air given in °C unit is to be converted to °F, K and R units. 
Analysis Using the conversion relations between the various temperature scales, 

T = -40°C = (-40X1.8) + 32 = -40°F 
T = -40 + 273. 15 = 233.1 5K 
T = -40 + 459.67 = 41 9.67R 


1-39E A temperature change is given in °F. It is to be expressed in °C, K, and R. 

Analysis This problem deals with temperature changes, which are identical in Rankine and Fahrenheit scales. Thus, 

AT(R) = AT(°F) = 45 R 

The temperature changes in Celsius and Kelvin scales are also identical, and are related to the changes in Fahrenheit and 
Rankine scales by 

AT(K) = AT(R)/1.8 = 45/1.8 = 25 K 
and AT(°C) = AT(K) = 25°C 


Pressure, Manometer, and Barometer 

1-40C The atmospheric pressure, which is the external pressure exerted on the skin, decreases with increasing elevation. 
Therefore, the pressure is lower at higher elevations. As a result, the difference between the blood pressure in the veins and 
the air pressure outside increases. This pressure imbalance may cause some thin-walled veins such as the ones in the nose to 
burst, causing bleeding. The shortness of breath is caused by the lower air density at higher elevations, and thus lower 
amount of oxygen per unit volume. 


1-41C The blood vessels are more restricted when the arm is parallel to the body than when the arm is perpendicular to the 
body. For a constant volume of blood to be discharged by the heart, the blood pressure must increase to overcome the 
increased resistance to flow. 
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1-42C No, the absolute pressure in a liquid of constant density does not double when the depth is doubled. It is the gage 
pressure that doubles when the depth is doubled. 


1-12 


1-43C Pascal ’s principle states that the pressure applied to a confined fluid increases the pressure throughout by the same 
amount. This is a consequence of the pressure in a fluid remaining constant in the horizontal direction. An example of 
Pascal’s principle is the operation of the hydraulic carjack. 


1-44C The density of air at sea level is higher than the density of air on top of a high mountain. Therefore, the volume flow 
rates of the two fans running at identical speeds will be the same, but the mass flow rate of the fan at sea level will be higher. 


1-45 The pressure in a vacuum chamber is measured by a vacuum gage. The absolute pressure in the chamber is to be 
determined. 

Analysis The absolute pressure in the chamber is determined from 
^abs = ~ ^vac = 92 - 35 = 57 kP 3 


P atm — 92 kPa 



35 kPa 


1-46 The pressure in a tank is given. The tank's pressure in various units are to be determined. 
Analysis Using appropriate conversion factors, we obtain 


(a) 


P = (1200 kP a) 


lkN/m 

lkPa 


= 1200kN/rrV 


(b) P = (1200kPa) 


(c) P = (1200 kPa) 


' 1 kN/m 2 ' 

f 1000 kg • m/s 2 N 

l lkPa J 

1 kN/m 2 N 

l lkN J 

( 1000 kg • m/s 2 'j 

l lkPa J 

l lkN J 


1 ,200,000kg/m s : 


1000m 

lkm 


A 


1 ,200,000P00kg/km s 
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1-47E The pressure in a tank in SI unit is given. The tank's pressure in various English units are to be determined. 
Analysis Using appropriate conversion factors, we obtain 


1-13 


(a) 


(b) 


P = (1500 kPa) 


r 20.886 lbffft 2 ' 
1 kPa 


= 31 ,330lbf/ft 2 


P = (1500 kPa) 


' 20.886 lbffft 2 N 

1ft 2 

r 1 psia 3 

l lkPa J 

v 144in 2 / 

Ulbfin 2 J 


217.6psia 


1-48E The pressure given in mm Hg unit is to be converted to psia. 
Analysis Using the mm Hg to kPa and kPa to psia units conversion factors, 


P = (1500 mm Hg) 


0.1333kPa 
1 mm Hg 


V 


1 psia 
6.895 kPa 


J 


29.0psia 


1-49E The pressure in a tank is measured with a manometer by measuring the differential height of the manometer fluid. 
The absolute pressure in the tank is to be determined for the cases of the manometer arm with the higher and lower fluid 
level being attached to the tank . 

Assumptions The fluid in the manometer is incompressible. 

Properties The specific gravity of the fluid is given to be SG = 1.25. The 
density of water at 32°F is 62.4 lb m/ft 3 (Table A-3E) 

Analysis The density of the fluid is obtained by multiplying its specific 
gravity by the density of water, 


p = SGx p HO = (1.25)(62.41bm/fi 3 ) = 78.01bm/ft 3 

The pressure difference corresponding to a differential height of 28 in 
between the two arms of the manometer is 


A P = pgh = (7 8 lbm/fi 3 )(32. 1 74 ft/s 2 )(28/ 1 2 ft) 



( 1 lbf ) 

1ft 2 

v 32. 174 lbm-fi/s 2 y 

v 144in 2 y 


Patm= 12.7 psia 


= 1.26 psia 


U JL SG= 1.25 



Then the absolute pressures in the tank for the two cases become: 

(a) The fluid level in the arm attached to the tank is higher (vacuum): 
^abs =^atm ~ ^vac = 12.7 -1.26 = 11.44psia 


(b) The fluid level in the arm attached to the tank is lower: 
^abs = ^gage + ^atm =12.7 + 1 .26 = 13.96 psia 


Discussion Note that we can determine whether the pressure in a tank is above or below atmospheric pressure by simply 
observing the side of the manometer arm with the higher fluid level. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 




1-14 


1-50 The pressure in a pressurized water tank is measured by a multi-fluid manometer. The gage pressure of air in the tank is 
to be determined. 


Assumptions The air pressure in the tank is uniform (i.e., its variation with elevation is negligible due to its low density), and 
thus we can determine the pressure at the air-water interface. 

Properties The densities of mercury, water, and oil are given to be 13,600, 1000, and 850 kg/nr, respectively. 


Analysis Starting with the pressure at point 1 at the air-water interface, and moving along the tube by adding (as we go 
down) or subtracting (as we go up) the pgh terms until we reach point 2, and setting the result equal to P atm since the tube is 

open to the atmosphere gives 


P\ + P water 8^1 + Poi\8^2 P mercury gh 3 ^ atm 

Solving for Pj 

~ ^atm — P water ~ Po\\§^2 P mercury 8^3 

or, 

^1 — ^atm — £(Pmercury^3 — P water ^1 — Poil^2 ) 

Noting that P l g age = P\ - P atm and substituting, 

Pj gage = (9.81 m/s 2 )[(13,600 kg/m 3 )(0.4 m) - (1000 kg/m 3 )(0.2 m) 

-(850 kg/m 3 )(0.3m)] 

= 48.9kPa 


IN 

f 1 kPa 

v lkg • m/s 2 , 

ll000N/m 2 J 



Discussion Note that jumping horizontally from one tube to the next and realizing that pressure remains the same in the 
same fluid simplifies the analysis greatly. 


1-51 The barometric reading at a location is given in height of mercury column. The atmospheric pressure is to be 
determined. 

Properties The density of mercury is given to be 13,600 kg/m . 

Analysis The atmospheric pressure is determined directly from 


^atm = Pgh 


= (13,600 kg/m 3 )(9.81m/s 2 )(0.750m) 


= 100.1 kPa 


IN 

f 1 kPa ^ 

v lkg-m/s 2 , 

ll000N/m 2 J 
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1-52E The weight and the foot imprint area of a person are given. The pressures this man exerts on the ground when he 
stands on one and on both feet are to be determined. 

Assumptions The weight of the person is distributed uniformly on foot imprint area. 

Analysis The weight of the man is given to be 200 lbf. Noting that pressure is force per unit 
area, the pressure this man exerts on the ground is 

(a) On both feet: P = — = 2Q ° lbf =2.78 Min 2 = 2.78 psi 

2 A 2x36 in “ 

(b) On one foot: P = — = = 5.56 lbf in = 5.56 psi 

A 36 in 2 

Discussion Note that the pressure exerted on the ground (and on the feet) is reduced by half 
when the person stands on both feet. 



1-53 The gage pressure in a liquid at a certain depth is given. The gage pressure in the same liquid at a different depth is to 
be determined. 

Assumptions The variation of the density of the liquid with depth is negligible. 

Analysis The gage pressure at two different depths of a liquid can be expressed as 
P\ = Pgh i and P 2 = pgh 2 

Taking their ratio, 

l \ _ Pgh 2 _ h 2 

P\ Pgh\ h\ 

Solving for P 2 and substituting gives 

P 2 = — Pi = — (42 kPa) = 126 kPa 
h x 3 m 

Discussion Note that the gage pressure in a given fluid is proportional to depth. 


h\ 

' 

f 


1 

h 2 

■ 

1 


2 
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1-54 The absolute pressure in water at a specified depth is given. The local atmospheric pressure and the absolute pressure at 
the same depth in a different liquid are to be determined. 

Assumptions The liquid and water are incompressible. 

Properties The specific gravity of the fluid is given to be SG = 0.85. We take the density of water to be 1000 kg/m . Then 
density of the liquid is obtained by multiplying its specific gravity by the density of water, 

p = SGx p H O = (0.85)(1000 kg/m 3 ) = 850 kg/m 3 


Analysis (a) Knowing the absolute pressure, the atmospheric pressure can be 
determined from 


P. 


atm 


= p- pgh 

= (185 kPa) - (1000 kg/m 3 )(9.81 m/s 2 )(9 m) 

= 96.7 kPa 


1 kPa 

1000 N/m 2 


\ 


y 


(Z?) The absolute pressure at a depth of 5 m in the other liquid is 
p = P xm+P8 h 


= (96.7 kPa) + (850 kg/m 3 )(9.81 m/s 2 )(9 m) 

= 171.8 kPa 


1 kPa 


1000 N/m 


P 


atm 


h 

> ' 

P 


Discussion Note that at a given depth, the pressure in the lighter fluid is lower, as expected. 


1-55E A submarine is cruising at a specified depth from the water surface. The pressure exerted on the surface of the 
submarine by water is to be determined. 


Assumptions The variation of the density of water with depth is negligible. 

Properties The specific gravity of seawater is given to be SG = 1.03. The density of 
water at 32°F is 62.4 lbm/ft 3 (Table A-3E). 

Analysis The density of the seawater is obtained by multiplying its specific gravity by 
the density of water, 

p = SGx p H O = (1.03X62.4 lbm/ft 3 ) = 64.27 lbm/ft 3 


The pressure exerted on the surface of the submarine cruising 300 ft below the free 
surface of the sea is the absolute pressure at that location: 


P = /J atm + Pgh 

= (14.7 psia) + (64.27 lbm/ft 3 )(32.2 ft/s 2 )(175 

= 92.8 psia 


ft) 


1 lbf 

1ft 2 

, 32.2 lbm- ft/s 2 

144 in 2 , 



PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


1-17 


1-56 The mass of a woman is given. The minimum imprint area per shoe needed to enable her to walk on the snow without 
sinking is to be determined. 


Assumptions 1 The weight of the person is distributed uniformly on the imprint area of the shoes. 2 One foot carries the 
entire weight of a person during walking, and the shoe is sized for walking conditions (rather than standing). 3 The weight of 
the shoes is negligible. 


Analysis The mass of the woman is given to be 70 kg. For a pressure of 0.5 kPa 
on the snow, the imprint area of one shoe must be 

A_W _ mg 

~ P ~ P 


(70kg)(9.81m/s 2 ) 

IN 

f 1 kPa ^1 

0.5 kPa 

v l kg • m/s 2 J 

V 1000 N/m 2 J 


Discussion This is a very large area for a shoe, and such shoes would be impractical 
to use. Therefore, some sinking of the snow should be allowed to have shoes of 
reasonable size. 



1-57E The vacuum pressure given in kPa unit is to be converted to various units. 
Analysis Using the definition of vacuum pressure, 

P g a 2e - not applicable for pressures below atmospheric pressure 
^bs=^, m -nac=98-80 = 18 kPa 


Then using the conversion factors, 


P abs =(18kPa) 


P abs =(18kPa) 


P abs =(18kPa) 


P abs =(18kPa) 


lkN/m' 
1 kPa 


= 18kN/m 


llMin 2 ' 


6.895 kPa 
1 psi 


= 2.61lbf/in 


6.895kPa, 

1 mm Hg A 
0.1333kPa y 


= 2.61psi 


= 135mmHg 
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1-58 A mountain hiker records the barometric reading before and after a hiking trip. The vertical distance climbed is to be 
determined. 


Assumptions The variation of air density and the gravitational 
acceleration with altitude is negligible. 

Properties The density of air is given to be p = 1.20 kg/m . 

Analysis Taking an air column between the top and the bottom of the 
mountain and writing a force balance per unit base area, we obtain 

^air / — ^bottom — ^top 

(P§h) air — ^bottom — ^top 


650 mbar 



(1.20 kg/nr 3 )(9. 81 m/s 2 )(/z) 


IN 

1 bar 

1 kg • m/s 2 , 

^100,000 N/m 2 , 


(0.750-0.650) bar 


It yields 

h = 850 m 

which is also the distance climbed. 


1-59 A barometer is used to measure the height of a building by recording reading at the bottom and at the top of the 
building. The height of the building is to be determined. 


Assumptions The variation of air density with altitude is negligible. 


• •••• T 

Properties The density of air is given to be p = 1.18 kg/m . The density of mercury is 

13,600 kg/m . 675 mmHg 


Analysis Atmospheric pressures at the top and at the bottom of the building are 


/ top=(P^)top 

= (13,600 kg/m 3 )(9.81 m/s 2 )(0.675 m) 
= 90.06 kPa 


1 N 

1 kg • m/s 2 


v 


yv 


1 kPa 

1000 N/m 2 


\ 


J 


-^bottom bottom 

= (13,600 kg/m 3 )(9.81 m/s 2 )(0.695 m)| 
= 92.72 kPa 


IN 

lkg • m/s' 


yv 


1 kPa 
1000 N/nr 



Taking an air column between the top and the bottom of the building and writing a force balance per unit base area, we 
obtain 


W.,JA = P 


air 


_ p 

bottom 1 top 


(1.18 kg/m 3 )(9. 81 m/s 2 )(/r) 


f 1N 1 

1 kPa 

J kg- m/s 2 . 

v 1000 N/m 2 , 


(Pgh) air ^bottom ^top 

= (92.72-90.06) kPa 


It yields 

h = 231 m 

which is also the height of the building. 
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1-60 



Problem 1-59 is reconsidered. The entire EES solution is to be printed out, including the numerical results with 


proper units. 

Analysis The problem is solved using EES, and the solution is given below. 


P_bottom=695 [mmHg] 

P_top=675 [mmHg] 

g=9.81 [m/s A 2] "local acceleration of gravity at sea level" 
rho=1.18 [kg/m A 3] 

DELTAP_abs=(P_bottom-P_top)*CONVERT(mmHg, kPa) "[kPa]" "Delta P reading from the barometers, 
converted from mmHg to kPa." 

DELTAP_h =rho*g*h*Convert(Pa, kPa) "Delta P due to the air fluid column height, h, between the top and bottom 
of the building." 

D E LT A P_abs = D E LT A P_h 

SOLUTION 

DELTAP_abs=2.666 [kPa] 

DELT AP_h=2 .666 [kPa] 
g=9.81 [m/s A 2] 
h=230.3 [m] 

P_bottom=695 [mmHg] 

P_top=675 [mmHg] 
rho=1.18 [kg/m A 3] 


1-61 The hydraulic lift in a car repair shop is to lift cars. The fluid gage pressure that must be maintained in the reservoir is 
to be determined. 


Assumptions The weight of the piston of the lift is negligible. 


Analysis Pressure is force per unit area, and thus the gage pressure required 
is simply the ratio of the weight of the car to the area of the lift, 


_ W _ mg 

sage A nD 2 ! 4 


(2000kg)(9.81 m/s 2 ) r 


<7(0.30 m) 2 / 4 


lkN 


1000 kg • m/s' 


= 278kN/m =278 kPa 



Discussion Note that the pressure level in the reservoir can be reduced by using a piston with a larger area. 
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1-62 A gas contained in a vertical piston-cylinder device is pressurized by a spring and by the weight of the piston. The 
pressure of the gas is to be determined. 


Analysis Drawing the free body diagram of the piston and balancing the 
vertical forces yield 


Thus, 


^ - ^atm A + IT + Spring 


P = P + 

1 1 atm ^ 


= (95 kPa) + 

=147kPa 


mg + F t 


spnng 


A 

(3.2kg)(9.81 m/s 2 ) + 150 N ^ 


35 x 10 _4 m 2 


1 kPa 


1000 N/m 


pi 

' w 

F 

1 spnn 

U 

g 

Li 



, ) 

p 

« 

> > 

> 


' ' W = mg 


1-63 



Problem 1-62 is reconsidered. The effect of the spring force in the range of 0 to 500 N on the pressure inside the 


cylinder is to be investigated. The pressure against the spring force is to be plotted, and results are to be discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


g=9.81 [m/s A 2] 

P_atm= 95 [kPa] 
m_piston=3.2 [kg] 

{F_sp ring =150 [N]} 

A=35*C0NVERT (cm A 2, m A 2) 

W_piston=m_piston*g 
F_atm=P_atm*A*CONVERT (kPa, N/m A 2) 

"From the free body diagram of the piston, the balancing vertical forces yield:" 
F_gas= F_atm+F_spring+W_piston 
P_gas=F_gas/A*CONVERT (N/m A 2, kPa) 


F 

A spring 

[N] ‘ 

P 

r gas 

[kPa] 

0 

104 

50 

118.3 

100 

132.5 

150 

146.8 

200 

161.1 

250 

175.4 

300 

189.7 

350 

204 

400 

218.3 

450 

232.5 

500 

246.8 



^spring 
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1-64 Both a gage and a manometer are attached to a gas to measure its pressure. For a specified reading of gage 
pressure, the difference between the fluid levels of the two arms of the manometer is to be determined for mercury and 
water. 

Properties The densities of water and mercury are given to be 
P water = 1000 kg/nT and be p Hg = 13,600 kg/m 3 . 

Analysis The gage pressure is related to the vertical distance h between the 
two fluid levels by 


^gage PS ^ 1 


-> ll = 


P, 


gage 

PS 


(a) For mercury, 


h = 


P. 


gage 


pHgS 


80 kPa 

"lkN/m 2 " 

1000 kg/m- s 2 ^ 

(13,600 kg/m 3 )(9.81 m/s 2 ) 

l lkPa J 

IkN 

V y 


P s = 80 kPa 



( b ) For water, 
h = 


Z^gage 80 kPa 

f’lkN/m 2 " 

'1000 kg/m- s 2 ^ 

Ph 2 o8 (1000 kg/m 3 )(9.81 m/s 2 ) 

l lkPa J 

IkN 

V y 


= 8.16 m 
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1-65 ■ tlTT- Problem 1-64 is reconsidered. The effect of the manometer fluid density in the range of 800 to 13,000 kg/m 1 on 
the differential fluid height of the manometer is to be investigated. Differential fluid height against the density is to be 
plotted, and the results are to be discussed. 

Analysis The problem is solved using EES, and the solution is given below. 


"Let's modify this problem to also calculate the absolute pressure in the tank by supplying the atmospheric 
pressure. 

Use the relationship between the pressure gage reading and the manometer fluid column height. " 

Function fluid_density(Fluid$) 

"This function is needed since if-then-else logic can only be used in functions or procedures. 

The underscore displays whatever follows as subscripts in the Formatted Equations Window." 

If fluid$='Mercury' then fluid_density=1 3600 else fluid_density=1 000 
end 

{Input from the diagram window. If the diagram window is hidden, then all of the input must come from the 
equations window. Also note that brackets can also denote comments - but these comments do not appear in 
the formatted equations window.} 

{Fluid$='Mercury' 

P_atm = 101.325 [kPa] 

DELTAP=80 [kPa] "Note how DELTAP is displayed on the Formatted Equations Window."} 
g=9.807 [m/s A 2] "local acceleration of gravity at sea level" 

rho=Fluid_density(Fluid$) "Get the fluid density, either Hg or H20, from the function" 

"To plot fluid height against density place {} around the above equation. Then set up the parametric table and 
solve." 

DELTAP = RHO*g*h/1 000 

"Instead of dividiing by 1 000 Pa/kPa we could have multiplied by the EES function, CONVERT (Pa,kPa)" 
h_mm=h*convert(m, mm) "The fluid height in mm is found using the built-in CONVERT function." 

P_abs= P_atm + DELTAP 

"To make the graph, hide the diagram window and remove the {Jbrackets from Fluid$ and from P_atm. Select 
New Parametric Table from the Tables menu. Choose P_abs, DELTAP and h to be in the table. Choose Alter 
Values from the Tables menu. Set values of h to range from 0 to 1 in steps of 0.2. Choose Solve Table (or 
press F3) from the Calculate menu. Choose New Plot Window from the Plot menu. Choose to plot P_abs vs h 
and then choose Overlay Plot from the Plot menu and plot DELTAP on the same scale." 


p 

[kg/m 3 ] 

flmm 

[mm] 

800 

10197 

2156 

3784 

3511 

2323 

4867 

1676 

6222 

1311 

7578 

1076 

8933 

913.1 

10289 

792.8 

11644 

700.5 

13000 

627.5 


Manometer Fluid Height vs Manometer Fluid Density 
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1-66 The air pressure in a tank is measured by an oil manometer. For a given oil-level difference between the two columns, 
the absolute pressure in the tank is to be determined. 


• • 3 

Properties The density of oil is given to be p — 850 kg/m . 
Analysis The absolute pressure in the tank is determined from 
P = P*m+Pgh 

= (98 kPa) + (850 kg/m 3 )(9.81m/s 2 )(0.80 m) 

= 104.7kPa 


lkPa 

1000 N/m 2 



1-67 The air pressure in a duct is measured by a mercury manometer. For a given 
mercury-level difference between the two columns, the absolute pressure in the duct 
is to be determined. 

Properties The density of mercury is given to be p = 13,600 kg/m . 

Analysis {a) The pressure in the duct is above atmospheric pressure since the 
fluid column on the duct side is at a lower level. 


(b) The absolute pressure in the duct is determined from 


P = P atm + P8 h 

= (100 kPa) + (13,600 kg/m 3 )(9.81 

= 102 kPa 


m/s 2 )(0.015 m) 


IN 

1 kPa 

J kg- m/s 2 , 

^1000 N/m 2 y 



1-68 The air pressure in a duct is measured by a mercury manometer. For a given 
mercury-level difference between the two columns, the absolute pressure in the duct is 
to be determined. 

Properties The density of mercury is given to be p = 13,600 kg/m . 

Analysis (a) The pressure in the duct is above atmospheric pressure since the fluid 
column on the duct side is at a lower level. 


(b) The absolute pressure in the duct is determined from 


P = 


P atm +Pgh 

(100 kPa) + (13,600 kg/m 3 )(9. 81 m/s 2 )(0.045 m) 

106 kPa 


IN 

1 kPa 

v l kg- m/s 2 , 

J000 N/m 2 y 
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1-69E The pressure in a natural gas pipeline is measured by a double U-tube manometer with one of the arms open to the 
atmosphere. The absolute pressure in the pipeline is to be determined. 


Assumptions 1 All the liquids are incompressible. 2 The 
effect of air column on pressure is negligible. 3 The 
pressure throughout the natural gas (including the tube) is 
uniform since its density is low. 

Properties We take the density of water to be p w = 62.4 
lbm/ft 3 . The specific gravity of mercury is given to be 13.6, 
and thus its density is /?h„ = 13.6x62.4 = 848.6 lbm/ft 3 . 

Analysis Starting with the pressure at point 1 in the natural 
gas pipeline, and moving along the tube by adding (as we 
go down) or subtracting (as we go up) the pgh terms until 

we reach the free surface of oil where the oil tube is 
exposed to the atmosphere, and setting the result equal to 
^atm gives 

P\ ~ P\lg g^Hg — P water 8^ water — ^ *atm 

Solving for Pj 

P\ ~ -^atm + PHg8 h Hg + P water gh i 



Water 


Substituting, 


P = 14.2 psia + (32.2 ft/s 2 )[(848.6 lbm/ft 3 )(6/12 ft) +(62.4 lbm/ft 3 )(27/12 ft)] 

= 18.1psia 


r i m 

1ft 2 " 

32.2 lbm- ft/s 2 , 

, 144 in 2 , 


Discussion Note that jumping horizontally from one tube to the next and realizing that pressure remains the same in the 
same fluid simplifies the analysis greatly. Also, it can be shown that the 15 -in high air column with a density of 0.075 
lbm/ft 3 corresponds to a pressure difference of 0.00065 psi. Therefore, its effect on the pressure difference between the two 
pipes is negligible. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



1-25 


1-70E The pressure in a natural gas pipeline is measured by a double U-tube manometer with one of the arms open to the 
atmosphere. The absolute pressure in the pipeline is to be determined. 


Assumptions 1 All the liquids are incompressible. 2 The 
pressure throughout the natural gas (including the tube) is 
uniform since its density is low. 

Properties We take the density of water to be p w = 62.4 
lbm/ft 3 . The specific gravity of mercury is given to be 13.6, 
and thus its density is = 13.6x62.4 = 848.6 lbm/ft 3 . The 
specific gravity of oil is given to be 0.69, and thus its 
density is p oil = 0.69x62.4 = 43.1 lbm/ft 3 . 

Analysis Starting with the pressure at point 1 in the natural 
gas pipeline, and moving along the tube by adding (as we 
go down) or subtracting (as we go up) the pgh terms until 

we reach the free surface of oil where the oil tube is 
exposed to the atmosphere, and setting the result equal to 
^atm gives 

— PligS^Hg PoilS^oil ~ P water 8 ^ water — ^atm 

Solving for P x 

P\ ~ ^atm P water PoilS^oil 



Water 


Substituting, 


P x = 14.2 psia + (32.2ft/s 2 )[(848.6 lbm/ft 3 )(6/ 12 ft) + (62.4 lbm/ft 3 )(27/12 ft) 


-(43.1 lbm/ft 3 )(15/12 ft)] 

= 17.7psia 


1 lbf 

f , „ 2 A 

1 ft 

v 32.2 lbm-ft/s 2 y 

J44 in 2 y 


Discussion Note that jumping horizontally from one tube to the next and realizing that pressure remains the same in the 
same fluid simplifies the analysis greatly. 
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1-71E The systolic and diastolic pressures of a healthy person are given in mmHg. These pressures are to be expressed in 
kPa, psi, and meter water column. 

Assumptions Both mercury and water are incompressible substances. 

Properties We take the densities of water and mercury to be 1000 kg/m and 13,600 kg/m , respectively. 

Analysis Using the relation P = pgh for gage pressure, the high and low pressures are expressed as 


1 \1 H 11 13 

P hlgh = /^high - (13,600 kg/m 3 )(9.81 m/s 2 )(0. 12 m) = 16.0kPa 

1^1 kg- m/s J^lOOON/m ) 

4w = pgh lew = (13,600 kg/m 3 )(9.81 m/s 2 )(0.08 m)f ^LY lkPa , 1 = 10.7 kPa 

l lkg • m/s lOOON/m 


Noting that 1 psi = 6.895 kPa, 


f i ’ ) f i • ) 

P hieh = (16.0 Pa) — — =2.32 psi and P x = (10.7 Pa) — — =1.55 psi 

hlgh 6.895kPa low 6.895kPa 


For a given pressure, the relation P = pgh can be expressed for mercury and water 
as P = P water ^water and p = Pmercuiy ^mercury • Setting these two relations equal to 
each other and solving for water height gives 


^ water /^mercury 8 ^ mercury ^ ^ water 


mercuiy 


P water 


Therefore, 


13,600 kg/m 
1000 kg/m 3 
13,600 kg/m 3 
1000 kg/m 3 


_ ' mercury ; _ u,uuuKg/iii 

'water, high — "mercury, high _ 3 fU- 1Z mj - l.OAm 


/-^mercury . lJ,UUUKg/IIl 

'water, low = ^mercuty.low = T ( 0 ' 08 m) = 109m 

’ ry J 1 l\ l\ l\ 1 ._ / J 



Discussion Note that measuring blood pressure with a “water” monometer would involve differential fluid heights higher 
than the person, and thus it is impractical. This problem shows why mercury is a suitable fluid for blood pressure 
measurement devices. 
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h 


P 


blood 


mercury 


/^blood 


h 


mercury 


13,600 kg/m 
1050 kg/m 


(0.12 m) = 1.55 m 


1-72 A vertical tube open to the atmosphere is connected to the vein in the arm of a person. The height that the blood will 
rise in the tube is to be determined. 

Assumptions 1 The density of blood is constant. 2 The gage pressure of blood is 120 mmHg. 

Properties The density of blood is given to be p = 1050 kg/m . 

Analysis For a given gage pressure, the relation P = pgh can be expressed 
for mercury and blood as P = Pbiood^biood and p = mny g^macmy ■ 

Setting these two relations equal to each other we get 

P — /^blood&^blood — /^mercury -^mercury 

Solving for blood height and substituting gives 

3 



Discussion Note that the blood can rise about one and a half meters in a tube connected to the vein. This explains why IV 
tubes must be placed high to force a fluid into the vein of a patient. 


1-73 A diver is moving at a specified depth from the water surface. The pressure exerted on the surface of the diver by water 
is to be determined. 


Assumptions The variation of the density of water with depth is negligible. 

Properties The specific gravity of seawater is given to be SG = 1.03. We take the density of water to be 1000 kg/m 3 . 


Analysis The density of the seawater is obtained by multiplying 
its specific gravity by the density of water which is taken to be 
1000 kg/m 3 : 

p — SG x p H _ a = (1.03)(1000 kg/m 3 ) = 1030 kg/m 3 


The pressure exerted on a diver at 45 m below the free surface 
of the sea is the absolute pressure at that location: 


P = 


^atm + P8 h 

(101 kPa) + (1030 kg/m 3 X9.807 m/s 2 )(45 m) 

556 kPa 


1 kPa 

1000 N/m 2 , 


P, 


atm 


h 


Sea 


P 
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1-74 Water is poured into the U-tube from one arm and oil from the other arm. The water column height in one arm and the 
ratio of the heights of the two fluids in the other arm are given. The height of each fluid in that arm is to be determined. 

Assumptions Both water and oil are incompressible substances. 

Properties The density of oil is given to be p = 790 kg/m . We take 
the density of water to be p =1000 kg/m . 

Analysis The height of water column in the left arm of the monometer 
is given to be /i wl = 0.70 m. We let the height of water and oil in the 
right arm to be h w2 and h d , respectively. Then, h a = 4 /i w2 . Noting that 
both arms are open to the atmosphere, the pressure at the bottom of the 
U-tube can be expressed as 

^bottom — ^atm Pw and ^bottom — ^atm Pw Pa §^a 

Setting them equal to each other and simplifying, 

P w 8Kl=Py / 8Kl + Pa8K -» PwKl =Av^w2+AA Kl = h v,2 + (P-J Pw^K 

Noting that h. d = 4/z w2 , the water and oil column heights in the second arm are determined to be 
0.7m = h w2 +(790/1000)4^2 -> h w2 =0.1 68m 

0.7m = 0.1 68m + (790/ 1000)/^ -> h a =0.673m 

Discussion Note that the fluid height in the arm that contains oil is higher. This is expected since oil is lighter than water. 



1-75 A double-fluid manometer attached to an air pipe is considered. The specific gravity of one fluid is known, and the 
specific gravity of the other fluid is to be determined. 


Assumptions 1 Densities of liquids are constant. 2 The air 
pressure in the tank is uniform (i.e., its variation with 
elevation is negligible due to its low density), and thus the 
pressure at the air- water interface is the same as the 
indicated gage pressure. 

Properties The specific gravity of one fluid is given to be 
13.55. We take the standard density of water to be 1000 
kg/m 3 . 

Analysis Starting with the pressure of air in the tank, and 
moving along the tube by adding (as we go down) or 
subtracting (as we go up) the pgh terms until we reach the 

free surface where the oil tube is exposed to the atmosphere, 
and setting the result equal to P atm give 



- k 



cm 


Fluid 1 
SGj 


22 


cm 


Fluid 2 
SG 2 


w 


^air + P\8 h 1 - Pl 8 h 2 = P atm “> P mv ~ P atm = SG 2 p w gh 2 - SG x p w gh x 


Rearranging and solving for SG 2< 


SGo = SGj 


h \ 

P ~P 

air atm 

13 55 °- 22m , 

76-100kPa 

( 1000 kg- m/s 2 N 

1 

1 -52 

Pw8 h 2 

— 1 j.Jj 

0.40 m 

v (1000 kg/m 3 )(9.8 1 m/s 2 )(0.40 m). 

v lkPa.-m 2 y 


= 1.34 


Discussion Note that the right fluid column is higher than the left, and this would imply above atmospheric pressure in the 
pipe for a single-fluid manometer. 
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1-76 Fresh and seawater flowing in parallel horizontal pipelines are connected to each other by a double U-tube manometer. 
The pressure difference between the two pipelines is to be determined. 



Assumptions 1 All the liquids are incompressible. 2 The effect 
of air column on pressure is negligible. 

Properties The densities of seawater and mercury are given to 
be p sea = 1035 kg/m 3 and P\\g = 13,600 kg/m 3 . We take the 
density of water to be p w =1000 kg/nr . 

Analysis Starting with the pressure in the fresh water pipe 
(point 1) and moving along the tube by adding (as we go down) 
or subtracting (as we go up) the pgh terms until we reach the 

sea water pipe (point 2), and setting the result equal to P 2 gives 
Pw SK — P\\g ~ P air 8^ air /^sea^^sea — ^2 

Rearranging and neglecting the effect of air column on pressure, 

~ ^2 ~ ~Pw + P\\g 8 ^Hg — /^sea^^sea — SiPvig^Hg ~ Pw^\ 

Substituting, 

Pi -P 2 = (9.81 m/s 2 )[(13600 kg/m 3 )(0.1m) 


sea 



lkN 

1000 kg • m/s 2 


- (1000 kg/m 3 )(0.6 m) - (1035 kg/m 3 )(0.4 m)] 

= 3.39 kN/m 2 =3.39kPa 

Therefore, the pressure in the fresh water pipe is 3.39 kPa higher than the pressure in the sea water pipe. 

Discussion A 0.70-m high air column with a density of 1.2 kg/m corresponds to a pressure difference of 0.008 kPa. 
Therefore, its effect on the pressure difference between the two pipes is negligible. 
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1-77 Fresh and seawater flowing in parallel horizontal pipelines are connected to each other by a double U-tube manometer. 
The pressure difference between the two pipelines is to be determined. 

Assumptions All the liquids are incompressible. 


Properties The densities of seawater and mercury are given to 
be /? sea = 1035 kg/m 3 and pu g = 13,600 kg/m 3 . We take the 
density of water to be p w =1000 kg/m . The specific gravity of 
oil is given to be 0.72, and thus its density is 720 kg/m 3 . 

Analysis Starting with the pressure in the fresh water pipe 
(point 1) and moving along the tube by adding (as we go down) 
or subtracting (as we go up) the pgh terms until we reach the 

sea water pipe (point 2), and setting the result equal to P 2 gives 

P\ +Pw8h w — ~ Po\\S^o\\ /^sea <?^sea — ^2 

Rearranging, 

^1 — ^2 — —Pw P\\gS^Rg PoilS^oil ~ PseaS^se'd 
~ SiPllg^Hg Poil^oil ~ Pw^w ~ Psea^sea ) 


Oil 



Substituting, 


P x -P 2 = (9.81 m/s 2 )[(13600 kg/m 3 )(0.1 m)+ (720 kg/m 3 )(0.7 m)- (1000 kg/m 3 )(0.6 m) 


-(1035 kg/m 3 )(0.4m)] 


lkN 


1000 kg- m/s 


= 8.34 kN/m 2 =8.34kPa 

Therefore, the pressure in the fresh water pipe is 8.34 kPa higher than the pressure in the sea water pipe. 


1-78 The pressure indicated by a manometer is to be determined. 


Properties The specific weights of fluid A and fluid B are 

3 3 * 

given to be 10 kN/m' and 8 kN/m', respectively. 

Analysis The absolute pressure P\ is determined from 

P \ = -Patm + (Pgh) A + (P8 h ) B 
= Patm +YAhA+y B h B 


= (758 mmHg) 


"0. 1333kPa N 
1 mmHg 


+ (10 kN/m 3 )(0. 05 m) + (8 kN/m 3 )(0. 1 5 m) 

= 102.7kPa 


Note that 1 kPa = 1 kN/m 2 . 


ATMOSPHERIC 

PRESSURE 
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1-79 The pressure indicated by a manometer is to be determined. 


Properties The specific weights of fluid A and fluid B are 

3 3 * 

given to be 100 kN/nr and 8 kN/m , respectively. 

Analysis The absolute pressure P { is determined from 

P \ = -Patm + (P§h) A + (Pg h ) B 
= Patm +rA h A+r B h B 

= 90 kPa + (1 00 kN/m 3 )(0. 05 m) + (8 kN/m 3 )(0. 1 5 m) 

= 96.2kPa 

Note that 1 kPa = 1 kN/m 2 . 


ATMOSPHERIC 

PRESSURE 



1-80 The pressure indicated by a manometer is to be determined. 


Properties The specific weights of fluid A and fluid B are 

3 3 * 

given to be 10 kN/m' and 20 kN/m , respectively. 


Analysis The absolute pressure P\ is determined from 

P \ = P atm + ( P8 h ) A + (P8 h ) B 
= ^atm +/A h A+YB h B 


= (720 mm Hg) 


0. 1333kPa 
1 mm Hg 


\ 


y 


+ (10 kN/m 3 )(0.05 m) + (20 kN/m 3 )(0. 15 m) 

= 99.5kPa 


Note that 1 kPa = 1 kN/m 2 . 


ATMOSPHERIC 

PRESSURE 
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1-81 The fluid levels in a multi-fluid U-tube manometer change as a result of a pressure drop in the trapped air space. For a 
given pressure drop and brine level change, the area ratio is to be determined. 

Assumptions 1 All the liquids are incompressible. 2 
Pressure in the brine pipe remains constant. 3 The 
variation of pressure in the trapped air space is 
negligible. 

Properties The specific gravities are given to be 13.56 
for mercury and 1.1 for brine. We take the standard 
density of water to be p w = 1 000 kg/m . 

Analysis It is clear from the problem statement and the 
figure that the brine pressure is much higher than the air 
pressure, and when the air pressure drops by 0.7 kPa, the 
pressure difference between the brine and the air space 
increases also by the same amount. 

Starting with the air pressure (point A) and moving 
along the tube by adding (as we go down) or subtracting 
(as we go up) the pgh terms until we reach the brine 

pipe (point B), and setting the result equal to P B before 
and after the pressure change of air give 

Before: P M + p w gh w + p Hg gh Hgl - p br gh br , = P B 

After. P A 2 +p w gh w +p Hg gh H g 2 - p bt gh bt2 = P B 

Subtracting, 

P A2 ~ Pa\ + Png S^Hg ~ Pb r§Ahbr = 0 ~ ^Hg ^Hg - ^ br A/? br = 0 ( 1 ) 

PwS 

where A/z Hg and A h br are the changes in the differential mercury and brine column heights, respectively, due to the drop in 

air pressure. Both of these are positive quantities since as the mercury-brine interface drops, the differential fluid heights for 
both mercury and brine increase. Noting also that the volume of mercury is constant, we have A 1 AA Hg> i eft = A 2 Ah Hg light and 


Area 



P A2 - P M = -0.7 kPa = -700 N/m 2 = -700 kg/m- s 2 
A h br = 0.005 m 

Ah Hg = A/z Hg light + Ah Hg left = A h br + A/? br A 2 /A 1 = Ah br (l + A 2 /A l ) 


Substituting, 


700 kg/m ■ s 2 

(1000 kg/m 3 )(9. 81 m/s 2 ) 


[13. 56x 0.005(1 + A 2 !A X ) - (1. lx 0.005)] m 


It gives 


A 2 Mj = 0.134 
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Solving Engineering Problems and EES 
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1-82C Despite the convenience and capability the engineering software packages offer, they are still just tools, and they will 
not replace the traditional engineering courses. They will simply cause a shift in emphasis in the course material from 
mathematics to physics. They are of great value in engineering practice, however, as engineers today rely on software 
packages for solving large and complex problems in a short time, and perform optimization studies efficiently. 


1-83 



Determine a positive real root of the following equation using EES: 


2x 3 - 10x 0,5 - 3x = -3 


Solution by EES Software (Copy the following line and paste on a blank EES screen to verify solution): 
2*x A 3-10*x A 0.5-3*x = -3 
Answer, x = 2.063 (using an initial guess of x=2) 


1-84 



Solve the following system of 2 equations with 2 unknowns using EES: 


x 3 - y 2 = 7.75 


3xy + y = 3.5 

Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution): 
x A 3-y A 2=7.75 
3*x*y+y=3.5 
Answer x=2 y=0.5 


1-85 



Solve the following system of 3 equations with 3 unknowns using EES: 


x 2 y - z = 1 
x - 3y 0 ' 5 + xz = - 2 


x + y - z = 2 


Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution): 
x A 2*y- z =1 
x-3*y A 0.5+x*z=-2 
x+y-z=2 


Answer x=l, y=l, z=0 
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1-86 



Solve the following system of 3 equations with 3 unknowns using EES: 


2x - y + z = 7 
3x 2 + 2y = z + 3 
xy + 2z = 4 

Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution): 


2*x-y+z=7 

3*x A 2+2*y=z+3 

x*y+2*z=4 


Answer x= 1.609, y=-0.9872, z=2.794 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


1-35 


1-87E 



Specific heat of water is to be expressed at various units using unit conversion capability of EES. 


Analysis The problem is solved using EES, and the solution is given below. 


EQUATION WINDOW 
"GIVEN" 

C_p=4.18 [kJ/kg-C] 

"ANALYSIS" 

C_p_1 =C_p*Convert(kJ/kg-C, kJ/kg-K) 
C_p_2=C_p*Convert(kJ/kg-C, Btu/lbm-F) 
C_p_3=C_p*Convert(kJ/kg-C, Btu/lbm-R) 
C_p_4=C_p*Convert(kJ/kg-C, kCal/kg-C) 

FORMATTED EQUATIONS WINDOW 

‘given 

Cp = 4.18 
ANALYSIS 


Cp,i - Cp 


Cp,2 - Cp 


C p,3 - Cp 


SOLUTION 

C_p=4. 18 [kJ/kg-C] 

C_p_1 =4. 18 [kJ/kg-K] 
C_p_2=0.9984 [Btu/lbm-F] 
C_p_3=0.9984 [Btu/lbm-R] 
C_p_4=0.9984 [kCal/kg-C] 


[kJ/kg-C] 

kJ/kg-K 
' kJ/kg-C 


0.238846 ■ 

Btu/lbm-F 

kJ/kg-C 

0.238846 ■ 

Btu/lbm-R 

kJ/kg-C 

0.238846 ■ 

kCal/kg-C 

kJ/kg-C 
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Review Problems 


1-88 The gravitational acceleration changes with altitude. Accounting for this variation, the weights of a body at different 
locations are to be determined. 

Analysis The weight of an 80-kg man at various locations is obtained by substituting the altitude z (values in m) into the 
relation 


W = mg = (80kg)(9.807 - 3.32 x 10" 6 z m/s 2 ) 


IN 


Sea level: 
Denver: 
Mt. Ev.: 


lkg • m/s 

(z = 0 m): W = 80x(9.807-3.32x10' 6 x0) = 80x9.807 = 784.6 N 
(z = 1610 m): W = 80x(9.807-3.32xl0' 6 xl610) = 80x9.802 = 784.2 
(z = 8848 m): W = 80x(9.807-3.32xl0' 6 x8848) = 80x9.778 = 782.2 


N 

N 


1-89E A man is considering buying a 12-oz steak for $5.50, or a 300-g steak for $5.20. The steak that is a better buy is to 
be determined. 

Assumptions The steaks are of identical quality. 

Analysis To make a comparison possible, we need to express the cost of each steak on a common basis. Let us choose 1 kg 
as the basis for comparison. Using proper conversion factors, the unit cost of each steak is determined to be 


12 ounce steak : 

Unit Cost = 

300 gram steak : 

Unit Cost = 


f $5.5(f| 

( 16 oz V 

v 12 OZ y 

v 1 lbm J v 

$5.2(f 

o 

o 

o 

i-H 

boogj 

l lk s J 


llbm 


0.45359 kg 


= $16. 17/kg 


= $17. 33/kg 



Therefore, the steak at the traditional market is a better buy. 
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1.90E The mass of a substance is given. Its weight is to be determined in various units. 
Analysis Applying Newton's second law, the weight is determined in various units to be 


W = mg =( 1 kg)(9.81 m/s 2 ) 


W = mg =( 1 kg)(9.81 m/s 2 ) 


IN 


1 kg • m/s 2 
lkN 


1000 kg-m/s‘ 


9.81 N 


= 0.00981kN 


W = mg = (1 kg)(9.81 m/s 2 ) = 1 kg m/s 4 


W = mg = (1 kg)(9.81 m/s 2 ) 


IN ^ 

f 1 kgf ) 

, 1 kg- m/s 2 y 

[9.81NJ 


= 1 kgf 



"2.205 lbmi 


"3 

M 

II 

II 


(32.2 ft/s 2 ) 


l 1kg J 



"2.205 lbm" 


"3 

M 

t-H 

II 

II 


(32.2 ft/s 2 ) 


l 1kg J 



1 lbf 


32.2 lbm- ft/s 


= 2.21 lbf 
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1-91 A hydraulic lift is used to lift a weight. The diameter of the 
piston on which the weight to be placed is to be determined. 

Assumptions 1 The cylinders of the lift are vertical. 2 
There are no leaks. 3 Atmospheric pressure act on both 
sides, and thus it can be disregarded. 

Analysis Noting that pressure is force per unit area, the 
pressure on the smaller piston is determined from 


p = = m \8 
1 A nD i 2 /4 

_ (25 kg)(9.81 m/s 2 ) f lkN 

;r(0.10m) 2 /4 b 000k g- m/s2 , 

= 31.23 kN/m 2 = 31.23 kPa 



From Pascal’s principle, the pressure on the greater piston is equal to that in the smaller piston. Then, the needed diameter is 
determined from 


Pi=p 2 = 


Ei 

A- 


m 2 8 


->31.23 kN/m 2 = (2500kg)(9.81m/s 2 ) r 


kD 2 / 4 


7tD 2 " / 4 


lkN 


v 


1000 kg- m/s' 


->D 2 = 1.0 m 


Discussion Note that large weights can be raised by little effort in hydraulic lift by making use of Pascal’s principle. 


1-92E The efficiency of a refrigerator increases by 3% per °C rise in the minimum temperature. This increase is to be 
expressed per °F, K, and R rise in the minimum temperature. 

Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a change of 1 K or 1°C 
in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the increase in efficiency is 

(a) 3 % for each K rise in temperature, and 

(b) , (c) 3/1.8 = 1.67% for each R or °F rise in temperature. 


1-93E Hyperthermia of 5°C is considered fatal. This fatal level temperature change of body temperature is to be expressed 
in °F, K, and R. 

Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a change of 1 K or 1°C 
in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the fatal level of hypothermia is 

(a) 5 K 

(b) 5x1.8 = 9°F 

(c) 5x1.8 = 9R 
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1-94E A house is losing heat at a rate of 1800 kJ/h per °C temperature difference between the indoor and the outdoor 
temperatures. The rate of heat loss is to be expressed per °F, K, and R of temperature difference between the indoor and the 
outdoor temperatures. 

Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a change of 1 K or 1°C 
in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the rate of heat loss from the house is 

(a) 1800 kJ/h per K difference in temperature, and 

(b) , (c) 1800/1.8 = 1000 kJ/h per R or °F rise in temperature. 


1-95 The average temperature of the atmosphere is expressed as T. dtm = 288.15 - 6.5z where z is altitude in km. The 
temperature outside an airplane cruising at 12,000 m is to be determined. 

Analysis Using the relation given, the average temperature of the atmosphere at an altitude of 12,000 m is determined to be 
T atm = 288.15 -6.5z 
= 288.15 -6.5x12 

= 210.15 K = - 63°C 

Discussion This is the “average” temperature. The actual temperature at different times can be different. 


1-96 A new “Smith” absolute temperature scale is proposed, and a value of 1000 S is assigned to the boiling point of water. 
The ice point on this scale, and its relation to the Kelvin scale are to be determined. 


Analysis All linear absolute temperature scales read zero at absolute zero pressure, and are 
constant multiples of each other. For example, T(R) =1.8 T(K). That is, multiplying a 
temperature value in K by 1.8 will give the same temperature in R. 

The proposed temperature scale is an acceptable absolute temperature scale since it 
differs from the other absolute temperature scales by a constant only. The boiling temperature 
of water in the Kelvin and the Smith scales are 315.15 K and 1000 K, respectively. Therefore, 
these two temperature scales are related to each other by 

T(S) = 1000 T (K) = 2.6799TQK) 

373.15 

The ice point of water on the Smith scale is 

T(S) ice = 2.6799 T(K) ice = 2.6799x273.15 = 732.0 S 


K 


373.15 + 1000 


0 
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1-97E An expression for the equivalent wind chill temperature is given in English units. It is to be converted to SI units. 

Analysis The required conversion relations are 1 mph = 1.609 km/h and T(° F) = l.ST(°C) + 32. The first thought that comes 
to mind is to replace T( 0 F) in the equation by its equivalent 1.8T(°C) + 32, and V in mph by 1.609 km/h, which is the 
“regular” way of converting units. However, the equation we have is not a regular dimensionally homogeneous equation, and 
thus the regular rules do not apply. The V in the equation is a constant whose value is equal to the numerical value of the 
velocity in mph. Therefore, if V is given in km/h, we should divide it by 1 .609 to convert it to the desired unit of mph. That 
is, 

F equiv (° F) = 9 1.4 - [9 1.4 - 7; mblcnl (° F)][0.475 - 0.0203(V / 1.609) + 0.304W / 1.609 ] 


or 

F equiv (° F) = 9 1.4 - [9 1.4 - 7; mblcnl (°F)][ 0.475 - 0.0 126V + 0.240 JV ] 

where V is in km/h. Now the problem reduces to converting a temperature in °F to a temperature in °C, using the proper 
convection relation: 

1.87; quiv (° C) + 32 = 9 1.4 - [91.4 - (1.87" arnblcnt (°C) + 32)] [0.475 - 0 . 0126 V + 0.240Vv ] 

which simplifies to 

Fequiv (° C) = 33.0 - (33.0 - 7; mbicnl )(0.475 - 0.0 126V + 0.240 JV ) 
where the ambient air temperature is in °C. 



1-98E ■ fcW Problem 1-97E is reconsidered. The equivalent wind-chill temperatures in 
the range of 4 mph to 40 mph for the ambient temperatures of 20, 40, and 60°F are to be 
discussed. 


°F as a function of wind velocity in 
plotted, and the results are to be 


Analysis The problem is solved using EES, and the solution is given below. 


T_ambient=20 
"V= 20" 

T_equiv=91 .4-(91 .4-T_ambient)*(0.475 - 0.0203*V + 0.304*sqrt(V)) 


V 

[mph] 

T 

1 equiv 

[F] 

4 

59.94 

8 

54.59 

12 

51.07 

16 

48.5 

20 

46.54 

24 

45.02 

28 

43.82 

32 

42.88 

36 

42.16 

40 

41.61 


The table is for T ambient =60 o F 
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1-99 A vertical piston-cylinder device contains a gas. Some weights are to be placed on the piston to increase the gas 
pressure. The local atmospheric pressure and the mass of the weights that will double the pressure of the gas are to be 
determined. 


1-41 


Assumptions Friction between the piston and the cylinder is negligible. 

Analysis The gas pressure in the piston-cylinder device initially depends on the local 
atmospheric pressure and the weight of the piston. Balancing the vertical forces yield 


P - P 

■'atm 1 


'"piston 8 (5 kg )(9. 81 m/s 2 ) r 

— 100 kra 


A 


lkN 


1000 kg- m/s 


= 95.66 kN/m =95.7kPa 


;r(0.12m )/4 

The force balance when the weights are placed is used to determine the mass of the weights 

(^piston ^weights )& 


P -P + 

1 -'atm ^ 


200 kPa = 95.66 kPa + 


A 

(5 kg + m weights )(9 . 8 1 m/s 2 ) r 


^■(0.12 m )/4 

A large mass is needed to double the pressure. 


lkN 


1000 kg- m/s 


WEIGTHS 


GAS 


^weights = 115 kg 


1-100 One section of the duct of an air-conditioning system is laid underwater. The upward force the water will exert on the 
duct is to be determined. 


Assumptions 1 The diameter given is the outer diameter of the duct (or, the thickness of the duct material is negligible). 2 
The weight of the duct and the air in is negligible. 

Properties The density of air is given to be p = 1.30 kg/m . We take the 
density of water to be 1000 kg/m . 

Analysis Noting that the weight of the duct and the air in it is negligible, 
the net upward force acting on the duct is the buoyancy force exerted by 
water. The volume of the underground section of the duct is 

V = AL = (nD 2 / 4)L = [tt( 0.15 m) 2 /4](35 m) = 0.61 85 m 3 


0 ; 


% 

r — * - 

D 

f 

=15 cm ^ 

L = 35 m 

i 

Fb 


Then the buoyancy force becomes 


F B =pgV = (1000 kg/m 3 )(9.8 1 m/s 2 )(0.6185 m 3 ) 


lkN 

1000 kg • m/s' 


= 6.07kN 


Discussion The upward force exerted by water on the duct is 6.07 kN, which is equivalent to the weight of a mass of 619 kg. 
Therefore, this force must be treated seriously. 
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1-101E The average body temperature of a person rises by about 2°C during strenuous exercise. This increase in 
temperature is to be expressed in °F, K, and R. 

Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a change of 1 K or 1°C 
in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the rise in the body temperature during strenuous 
exercise is 

(a) 2 K 

(b) 2x1.8 = 3.6°F 

(c) 2x1.8 = 3.6 R 


1-102 A helium balloon tied to the ground carries 2 people. The acceleration of the balloon when it is first released is to be 
determined. 

Assumptions The weight of the cage and the ropes of the balloon is negligible. 

Properties The density of air is given to be p = 1.16 kg/m 3 . The density of helium gas is l/7 th of this. 


Analysis The buoyancy force acting on the balloon is 
"balloon = 4*r 3 /3 = 471(6 m) 3 /3 = 904.8 m 3 


F B Pair § alio o n 

= (1.16 kg/m 3 )(9. 8 Im/s 2 )(904. 8 m 3 ) 


IN 


1 kg • m/s' 


= 10,296 N 


The total mass is 


m He ~ PylsV ~ 


L16 l / 3 

—kg/m 


(904.8 m 3 ) =149.9 kg 


™totai = m He +m people = 149.9 + 2x85 = 319.9 kg 
The total weight is 

/ 

w = 777 total g = (319.9 kg)(9.81 m/s 2 ) 1N 

^1 kg- m/s 

Thus the net force acting on the balloon is 

F net =F b ~W = 10,296-3138 = 7157 N 
Then the acceleration becomes 


= 3138 N 


HELIUM 
D =12 m 

/'He ~7 Fair 



m = 170 kg 


F 


a = 


net 


7157 N 


^ total 319.9 kg 


1kg -m/s' 
IN 


= 22.4 m/s 2 
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1-103 



Problem 1-102 is reconsidered. The effect of the number of people carried in the balloon on acceleration is to 


be investigated. Acceleration is to be plotted against the number of people, and the results are to be discussed. 
Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

D=1 2 [m] 

N_person=2 
m_person=85 [kg] 
rho_air=1 .16 [kg/m A 3] 
rho_He=rho_air/7 

"Analysis" 

g=9.81 [m/s A 2] 

V_ballon=pi*D A 3/6 

F_B=rho_air*g*V_ballon 

m_He=rho_He*V_ballon 

m_people=N_person*m_person 

m_total=m_He+m_people 

W=m_total*g 

F_net=F_B-W 

a=F net/m total 


N 

x ' person 

a 

[m/s 2 ] 

1 

34 

2 

22.36 

3 

15.61 

4 

11.2 

5 

8.096 

6 

5.79 

7 

4.01 

8 

2.595 

9 

1.443 

10 

0.4865 
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1-104 A balloon is filled with helium gas. The maximum amount of load the balloon can carry is to be determined. 
Assumptions The weight of the cage and the ropes of the balloon is negligible. 


Properties The density of air is given to be p = 1.16 kg/m . The density of 
helium gas is l/7th of this. 

Analysis The buoyancy force acting on the balloon is 




balloon 


= Am 73 = 471(6 m) 3 /3 = 904.8 m 


Fb ~ Pair 8 ^balloon 

= (1.16 kg/m 3 )(9. 8 lm/s 2 )(904. 8 m 3 ) 


IN 


1 kg- m/s 


= 10,296 N 


The mass of helium is 


m He - PHe ^ ~ 


( 1.16 


kg/m (904.8 m ) = 149.9 kg 

7 


In the limiting case, the net force acting on the balloon will be zero. That is, 
the buoyancy force and the weight will balance each other: 


m 


W = mg = F b 

_F b _ 10,296 N 

total — _ _ ,9 

g 9.81 m/s" 


= 1050 kg 


HELIUM 
D =12 m 

/'He =T/-»air 



Thus, 

"'people = total ~ «He = 1050 - 149.9 = 900 kg 


1-105 A 6-m high cylindrical container is filled with equal volumes of water and oil. The pressure difference between the 
top and the bottom of the container is to be determined. 


Properties The density of water is given to be p = 1000 kg/m . The 
specific gravity of oil is given to be 0.85. 

Oil 

Analysis The density of the oil is obtained by multiplying its specific SG = 0 85 

gravity by the density of water, 

p = SGx p n2 o = (0.85X1000 kg/m 3 ) = 850 kg/m 3 

Water 

The pressure difference between the top and the bottom of the 
cylinder is the sum of the pressure differences across the two fluids, 

A ^totai = AP oi , + a P water = (pgh) oa + (pgh) w , dlcr 

= [(850 kg/m 3 )(9.81 m/s 2 )(3 m) + (1000 kg/m 3 )(9.81 m/s 2 )(3 m 

= 54.4kPa 


1 kPa 


1000 N/m 
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1-106 The pressure of a gas contained in a vertical piston-cylinder device is measured to be 180 kPa. The mass of the piston 
is to be determined. 


Assumptions There is no friction between the piston and the cylinder. 

Analysis Drawing the free body diagram of the piston and balancing the 
vertical forces yield 


W = PA-P. dtm A 
mg = (P-P sm )A 

(hi) (9. 81 m/s 2 ) = (180-100 kPa)(25 xl0~ 4 m 2 ) 


1000 kg/m-s 
lkPa 


2 A 



It yields m = 20.4 kg 


1-107 The gage pressure in a pressure cooker is maintained constant at 100 kPa by a petcock. The mass of the petcock is to 
be determined. 


Assumptions There is no blockage of the pressure release valve. 

Analysis Atmospheric pressure is acting on all surfaces of the petcock, which 
balances itself out. Therefore, it can be disregarded in calculations if we use the 
gage pressure as the cooker pressure. A force balance on the petcock (ZF y = 0) 
yields 


W = P A 

gage 

^ g age A (100 kPa)(4xlO~ 6 m 2 ) f 1000 kg/m-s 2 ' 
m ~ — — = 

8 9.81 m/s 2 t lkPa J 

= 0.0408kg 


P atm 
' > 

' 

' ' > 

' \ ' 

, 


> > 

P 

k 

- » t 

w= 

k 1 » 

mg 


1-108 A glass tube open to the atmosphere is attached to a water pipe, and the pressure at the bottom of the tube is 
measured. It is to be determined how high the water will rise in the tube. 


Properties The density of water is given to be p = 1000 kg/m . 
Analysis The pressure at the bottom of the tube can be expressed as 

P = P i *m + <>£&) tube 


Solving for h, 


P8 


(110-99) kPa 

1 kg • m/s 2 

"lOOON/m 2 ^ 

(1000 kg/m 3 )(9.81 m/s 2 ) 

1 N 

v y 

1 kPa 

v y 


= 1 .12m 
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1-109E Equal volumes of water and oil are poured into a U-tube from different arms, and the oil side is pressurized until the 
contact surface of the two fluids moves to the bottom and the liquid levels in both arms become the same. The excess 
pressure applied on the oil side is to be determined. 


Assumptions 1 Both water and oil are incompressible substances. 2 Oil 
does not mix with water. 3 The cross-sectional area of the U-tube is 
constant. 

Properties The density of oil is given to be p oil = 49.3 lbm/ft . We take the 
density of water to be p w = 62.4 lbm/ft . 

Analysis Noting that the pressure of both the water and the oil is the same 
at the contact surface, the pressure at this surface can be expressed as 

^contact ^blow Pa. 8^a ^atm Pw S^w 
Noting that h a = h w and rearranging, 



P. 


gageblow 


^blow ^atm iPw Poil^S^ 

= (62.4 - 49.3 lbm/ft 3 )(32.2 ft/s 2 )(30/12 ft) 

= 0.227 psi 


f 1 Ibf ^ 

' 1ft 2 ' 

32.2 lbm- ft/s 2 

144 in 2 


Discussion When the person stops blowing, the oil will rise and some water will flow into the right arm. It can be shown that 
when the curvature effects of the tube are disregarded, the differential height of water will be 23.7 in to balance 30-in of oil. 


1-110 A barometer is used to measure the altitude of a plane relative to the ground. The barometric readings at the ground 
and in the plane are given. The altitude of the plane is to be determined. 


Assumptions The variation of air density with altitude is negligible. 

Properties The densities of air and mercury are given to be p = 1.20 kg/m' and p = 13,600 kg/m . 
Analysis Atmospheric pressures at the location of the plane and the ground level are 


^plane iP8^) plane 

= (13,600 kg/m 3 )(9.81 m/s 2 )(0.690 m) 
= 92.06 kPa 


IN 


kg - m/s 


1 kPa 


1000 N/m 


P. 


ground 


(.P 8^0 ground 

= (13,600 kg/m 3 )(9.81 m/s 2 )(0.753 m) 
= 100.46 kPa 


( IN ^ 

1 kPa ^ 

v l kg- m/s 2 J 

1000 N/m 2 y 



Taking an air column between the airplane and the ground and writing a force balance 
per unit base area, we obtain 


W ak /A = 
(Pgh) air = 


P. 


ground 


P. 


ground 


p 

1 plane 

p 

1 plane 


(1.20 kg/m 3 )(9.81 m/s 2 )(/z) 


f IN ^ 

1 kPa 

1 kg- m/s 2 y 

1000 N/m 2 y 


(100.46-92.06) kPa 


h 


0 Sea 


It yields 

h = 714 m 


which is also the altitude of the airplane. 
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1-111E A water pipe is connected to a double-U manometer whose free arm is open to the atmosphere. The absolute 
pressure at the center of the pipe is to be determined. 


1-47 


Assumptions 1 All the liquids are incompressible. 2 The solubility 
of the liquids in each other is negligible. 

Properties The specific gravities of mercury and oil are given to be 
13.6 and 0.80, respectively. We take the density of water to be 
p w = 62.4 lbm/ft 3 . 

Analysis Starting with the pressure at the center of the water pipe, 
and moving along the tube by adding (as we go down) or 
subtracting (as we go up) the pgh terms until we reach the free 

surface of oil where the oil tube is exposed to the atmosphere, and 
setting the result equal to P a tm gives 

^water pipe P water 8^ water Poi\8^oi\ PligS^Hg Poi\8^oi\ ^*atm 

Solving for P water pi pe. 



^water pipe ^atm Pwater 8 water ^G 


oil^oil 


+ SG Rg h Hg + SG 


oil^oil) 


Substituting, 


Pwaterpipe = 14-2psia + (62.41bm/ft 3 )(32.2 ft/s 2 )[(20/12 ft) 


+ 0.8(30/12 ft)] x 

= 26.4psia 


1 lbf 

f + a 2 \ 

1 ft “ 

v 32.2 lbm ■ ft/s 2 y 

v 144 in 2 j 


-0.8(60/12 ft) +13.6(25/12 ft) 


Therefore, the absolute pressure in the water pipe is 26.4 psia. 

Discussion Note that jumping horizontally from one tube to the next and realizing that pressure remains the same in the 
same fluid simplifies the analysis greatly. 
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1-112 A gasoline line is connected to a pressure gage through a double-U manometer. For a given reading of the pressure 
gage, the gage pressure of the gasoline line is to be determined. 

Assumptions 1 All the liquids are incompressible. 2 The effect of air 
column on pressure is negligible. 

Properties The specific gravities of oil, mercury, and gasoline are 
given to be 0.79, 13.6, and 0.70, respectively. We take the density of 
water to be p w = 1000 kg/m . 

Analysis Starting with the pressure indicated by the pressure gage and 
moving along the tube by adding (as we go down) or subtracting (as 
we go up) the pgh terms until we reach the gasoline pipe, and setting 

the result equal to Pgasoiine gives 

^gage — Pw + Poll 8 h oi\ ~ PllgS^Hg ~ /^gasolin&g^gasoline — ^gasoline 

Rearranging, 

^"gasoline - ^gage — Pw — ^^oil^oil + S G Hg ^Hg SClgasoline/^gasoline) 

Substituting, 

gasoline = 370 kPa - (1000 kg/m 3 )(9.81m/s 2 )[(0.45 m) - 0.79(0.5 m) + 13.6(0.1 m) + 0.70(0.22 m)] 


f IkN ) 

f 1 kPa 

v 1000 kg -m/s 2 y 

llkN/m 2 J 


= 354.6 kPa 

Therefore, the pressure in the gasoline pipe is 15.4 kPa lower than the pressure reading of the pressure gage. 

Discussion Note that sometimes the use of specific gravity offers great convenience in the solution of problems that involve 
several fluids. 


Air 


P gage = 370 kPa 



Water 


45 


cm 



5()| 


cm 


Oil 



10 


cm 



Mercury 
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1-113 A gasoline line is connected to a pressure gage through a 
double-U manometer. For a given reading of the pressure gage, the 
gage pressure of the gasoline line is to be determined. 

Assumptions 1 All the liquids are incompressible. 2 The effect of 
air column on pressure is negligible. 


Properties The specific gravities of oil, mercury, and gasoline are 
given to be 0.79, 13.6, and 0.70, respectively. We take the density 
of water to be p w = 1000 kg/m . 

Analysis Starting with the pressure indicated by the pressure gage 
and moving along the tube by adding (as we go down) or 
subtracting (as we go up) the pgh terms until we reach the 

gasoline pipe, and setting the result equal to P gaso iine gives 


Pgage Pw 8^w Poi\8^oi\ PligS^Hg /^gasoline&^gasoline ^gasoline 


Rearranging, 



P — p 

1 gasoline gage 


PwS^w ^^oil^oil ^^Hg^Hg + SGgasoline/^gasoline) 


Substituting, 

^gasoline = 180 kPa - (1000 kg/m 3 X9.807 m/s 2 )[(0.45 m) - 0.79(0.5 m) + 13.6(0. 1 m) + 0.70(0.22 m)] 


lkN 

f lkPa 

v 1000kg-m/s 2 y 

llkN/m 2 J 


= 164.6 kPa 


Therefore, the pressure in the gasoline pipe is 15.4 kPa lower than the pressure reading of the pressure gage. 

Discussion Note that sometimes the use of specific gravity offers great convenience in the solution of problems that involve 
several fluids. 


— — c ^c/: 

1-114 The average atmospheric pressure is given as P. ilm = 101.325(1 -0.02256z) ' where z is the altitude in km. The 
atmospheric pressures at various locations are to be determined. 

Analysis The atmospheric pressures at various locations are obtained by substituting the altitude z values in km into the 
relation 

P atm = 101.325(1 - 0.02256z) 5 - 256 

Atlanta: (z, = 0.306 km): P atm = 101.325(1 - 0.02256x0.306) 5256 = 97.7 kPa 

Denver: (z= 1.610 km): P atm = 101.325(1 - 0.02256xl.610) 5 256 = 83.4 kPa 

M. City: (z, = 2.309 km): P atm = 101.325(1 - 0.02256x2.309) 5 256 = 76.5 kPa 

Mt. Ev.: (z, = 8.848 km): P atm = 101.325(1 - 0.02256x8. 848) 5 256 = 31.4 kPa 
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1-115 The temperature of the atmosphere varies with altitude z as T = T {) — f3z , while the gravitational acceleration varies by 

g(z ) = g 0 /(1 + z/ 6,370,320) # Relations for the variation of pressure in atmosphere are to be obtained (a) by ignoring and 
(b) by considering the variation of g with altitude. 

Assumptions The air in the troposphere behaves as an ideal gas. 

Analysis ( a ) Pressure change across a differential fluid layer of thickness dz in the vertical z direction is 
dP = -pgdz 

P P 


From the ideal gas relation, the air density can be expressed as p - 


RT R(T 0 - (dz) 


. Then, 


dP = 


P 


R(T q -J3z) 


gdz 


Separating variables and integrating from z = 0 where P = P 0 to z = z where P = P, 

f p dP _ c z gdz 
1 po~P~ Jo R(T 0 -J3z) 

Performing the integrations. 


In 


P 


S .T a -fk 


I', K)l T. 


0 


Rearranging, the desired relation for atmospheric pressure for the case of constant g becomes 

g 


P = P, 


1 


pz 


T, 


pR 


0 J 


(b) When the variation of g with altitude is considered, the procedure remains the same but the expressions become more 
complicated, 


dP = 


P 


8o 


dz 


R(T 0 -J 3 z ) (1 + z/ 6,370,320) 2 
Separating variables and integrating from z = 0 where P = P 0 to z = z where P = P, 

r /, ^ = _ f z godz, 

k 0 P Jo R(T 0 - J 3 z)(l+ z/ 6,370,320) 2 

Performing the integrations, 

InP 


p _ 8 o 

1 

1 In 1 + fe 

p « RP 

(l + kT 0 /p)(l + kz) 

(1 + kT 0 /p) 2 "T 0 -p Z 


2 2 * 

where R = 287 J/kg-K = 287 m / s -K is the gas constant of air. After some manipulations, we obtain 


P = P {) exp 


So 


R(P + kT 0 ) 


In 


1 + fe 


1 + 1/fe l + kT 0 /j3 1 -Pz./T 0 ) 


where T 0 = 288.15 K, p = 0.0065 K/m, g 0 = 9.807 m/s z , k = 1/6,370,320 m 1 , and z is the elevation in m. 

Discussion When performing the integration in part (b), the following expression from integral tables is used, together with 
a transformation of variable x = To - Pz , 


J 


dx 


1 


x(a-\-bx) a(a + bx ) a 


1 a + bx 

In 




Also, for z = 1 1,000 m, for example, the relations in (a) and (b) give 22.62 and 22.69 kPa, respectively. 
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1-116 The variation of pressure with density in a thick gas layer is given. A relation is to be obtained for pressure as a 
function of elevation z. 

Assumptions The property relation P = Cp n is valid over the entire region considered. 

Analysis The pressure change across a differential fluid layer of thickness dz in the vertical z direction is given as, 
dP = -pgdz 

Also, the relation P = Cp n can be expressed as C - P / p n — P 0 / p £ , and thus 

P =p Q (p/p Q ) Un 

Substituting, 

dP = ~gPo (P/ Pq ) 1111 dz 



Discussion The final result could be expressed in various forms. The form given is very convenient for calculations as it 
facilitates unit cancellations and reduces the chance of error. 
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1-117 The flow of air through a wind turbine is considered. Based on unit considerations, a proportionality relation is to be 
obtained for the mass flow rate of air through the blades. 

Assumptions Wind approaches the turbine blades with a uniform velocity. 

Analysis The mass flow rate depends on the air density, average wind velocity, and the cross-sectional area which depends 
on hose diameter. Also, the unit of mass flow rate m is kg/s. Therefore, the independent quantities should be arranged such 
that we end up with the proper unit. Putting the given information into perspective, we have 

m [kg/s] is a function of p [kg/m'], D [m], and V [m/s] 

It is obvious that the only way to end up with the unit “kg/s” for mass flow rate is to multiply the quantities p and V with the 
square of D. Therefore, the desired proportionality relation is 

m is proportional to pD V 


or, 

m = CpD 2 V 

where the constant of proportionality is C =nl 4 so that m — p(jcD / 4)V 

Discussion Note that the dimensionless constants of proportionality cannot be determined with this approach. 


1-118 A relation for the air drag exerted on a car is to be obtained in terms of on the drag coefficient, the air density, the car 
velocity, and the frontal area of the car. 

Analysis The drag force depends on a dimensionless drag coefficient, the air density, the car velocity, and the frontal area. 

Also, the unit of force F is newton N, which is equivalent to kg -m/s . Therefore, the independent quantities should be 

• •2 

arranged such that we end up with the unit kg -m/s for the drag force. Putting the given information into perspective, we 
have 

F d [ kg-m/s 2 ] <-> C Drag [], A front [m 2 ], p [kg/m 3 ], and V [m/s] 

It is obvious that the only way to end up with the unit “kg-m/s ” for drag force is to multiply mass with the square of the 
velocity and the fontal area, with the drag coefficient serving as the constant of proportionality. Therefore, the desired 
relation is 

~ ^Drag P^front^ 

Discussion Note that this approach is not sensitive to dimensionless quantities, and thus a strong reasoning is required. 
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1-119 An apple loses 4.5 kJ of heat as it cools per °C drop in its temperature. The amount of heat loss from the apple 
per °F drop in its temperature is 

(a) 1.25 kJ (b) 2.50 kJ (c)5.0kJ (d) 8.1 kJ (e)4.1kJ 


Answer (b) 2.50 kJ 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Q_perC=4.5 "kJ" 

Q_perF=Q_perC/1 .8 "kJ" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Q=Q_perC*1 .8 "multiplying instead of dividing" 

W2_Q=Q_perC "setting them equal to each other" 


1-120 Consider a fish swimming 5 m below the free surface of water. The increase in the pressure exerted on the fish when it 
dives to a depth of 25 m below the free surface is 

(a) 196 Pa (b) 5400 Pa (c) 30,000 Pa (d) 196,000 Pa (e) 294,000 Pa 


Answer ( d ) 196,000 Pa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


rho=1000 "kg/m3" 
g=9.81 "m/s2" 
z1=5 "m" 


z2=25 "m" 

DELTAP=rho*g*(z2-z1) "Pa" 

"Some Wrong Solutions with Common Mistakes:" 

W 1 _P=rho*g*(z2-z1 )/1 000 "dividing by 1 000" 
W2_P=rho*g*(z1 +z2) "adding depts instead of subtracting" 

'not using g" 

"ignoring zl" 


W3_P=rho*(z1 +z2) 
W4_P=rho*g*(0+z2) 
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1-121 The atmospheric pressures at the top and the bottom of a building are read by a barometer to be 96.0 and 98.0 kPa. If 
the density of air is 1 .0 kg/m , the height of the building is 

(a) 17 m (b) 20 m (c) 170 m (d) 204 m (e) 252 m 


Answer (d) 204 m 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

rho=1 .0 "kg/m3" 
g=9.81 "m/s2" 

PI =96 "kPa" 

P2=98 "kPa" 

DELTAP=P2-P1 "kPa" 

DELTAP=rho*g*h/1 000 "kPa" 

"Some Wrong Solutions with Common Mistakes:" 

DELTAP=rho*W1_h/1 000 "not using g" 

DELTAP=g*W2_h/1 000 "not using rho" 

P2=rho*g*W3_h/1 000 "ignoring PI" 

PI =rho*g*W4_h/1 000 "ignoring P2" 


1-122 Consider a 2-m deep swimming pool. The pressure difference between the top and bottom of the pool is 
(a) 12.0 kPa (b) 19.6 kPa (c)38.1kPa (d) 50.8 kPa (e) 200kPa 


Answer (b) 19.6 kPa 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

rho=1000 "kg/m A 3" 
g=9.81 "m/s2" 
z1=0 "m" 
z2=2 "m" 

DELTAP=rho*g*(z2-z1 )/1 000 "kPa" 

"Some Wrong Solutions with Common Mistakes:" 

W1_P=rho*(z1+z2)/1000 "not using g" 

W2_P=rho*g*(z2-z1 )/2000 "taking half of z" 

W3_P=rho*g*(z2-z1 ) "not dividing by 1000" 
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1-123 During a heating process, the temperature of an object rises by 10°C. This temperature rise is equivalent to a 
temperature rise of 

(a) 10°F (b) 42°F (c) 18 K (d) 18 R (e) 283 K 


Answer (d) 18 R 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T_inC=10 "C" 

TJnR=T_inC*1 .8 "FT 

"Some Wrong Solutions with Common Mistakes:" 

W1_TinF=T_inC "F, setting C and F equal to each other" 

W2_TinF=T_inC*1 .8+32 "F, converting to F " 

W3_TinK=1 .8*T_inC "K, wrong conversion from C to K" 

W4_TinK=T_inC+273 "K, converting to K" 


1-124 At sea level, the weight of 1 kg mass in SI units is 9.81 N. The weight of 1 lbm mass in English units is 
(a) 1 lbf (b) 9.81 lbf (c) 32.2 lbf (d) 0.1 lbf (e) 0.031 lbf 


Answer (a) 1 lbf 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

m=1 "lbm" 
g=32.2 "ft/s2" 

W=m*g/32.2 "lbf" 

"Some Wrong Solutions with Common Mistakes:" 
gSI=9.81 "m/s2" 

W1_W= m*gSI "Using wrong conversion" 

W2_W= m*g "Using wrong conversion" 

W3_W= m/gSI "Using wrong conversion" 

W4_W= m/g "Using wrong conversion" 


1-125, 1-126 Design and Essay Problems 
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Forms of Energy 


2-2 


2-1C The sum of all forms of the energy a system possesses is called total energy. In the absence of magnetic, electrical and 
surface tension effects, the total energy of a system consists of the kinetic, potential, and internal energies. 


2-2C The internal energy of a system is made up of sensible, latent, chemical and nuclear energies. The sensible internal 
energy is due to translational, rotational, and vibrational effects. 


2-3C Thermal energy is the sensible and latent forms of internal energy, and it is referred to as heat in daily life. 


2-4C The mechanical energy is the form of energy that can be converted to mechanical work completely and directly by a 
mechanical device such as a propeller. It differs from thermal energy in that thermal energy cannot be converted to work 
directly and completely. The forms of mechanical energy of a fluid stream are kinetic, potential, and flow energies. 


2-5C Hydrogen is also a fuel, since it can be burned, but it is not an energy source since there are no hydrogen reserves in 
the world. Hydrogen can be obtained from water by using another energy source, such as solar or nuclear energy, and then 
the hydrogen obtained can be used as a fuel to power cars or generators. Therefore, it is more proper to view hydrogen is an 
energy carrier than an energy source. 


2-6C In electric heaters, electrical energy is converted to sensible internal energy. 


2-7C The forms of energy involved are electrical energy and sensible internal energy. Electrical energy is converted to 
sensible internal energy, which is transferred to the water as heat. 


2-8E The total kinetic energy of an object is given is to be determined. 
Analysis The total kinetic energy of the object is given by 

2 /rn u /„ \ 2 ^ 


vr v * /lnlu (50 ft/s) 

KE = m = (10 lbm) 


1 Btu/lbm 
25,037 ft 2 /s 2 


= 0.499 Btus 0.50 BtU 
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2-3 


2-9E The total potential energy of an object is to be determined. 

Analysis Substituting the given data into the potential energy expression gives 


PE = mgz = (200 lbm)(32.2 ft/s 2 )(10 ft) 


1 Btu/lbm 


A 


2 / 2 


25,037 ft / s 


= 2.57Btu 


2-10 A person with his suitcase goes up to the 10 th floor in an elevator. The part of the energy of the elevator stored in the 
suitcase is to be determined. 

Assumptions 1 The vibrational effects in the elevator are negligible. 

Analysis The energy stored in the suitcase is stored in the form of potential energy, which is mgz . Therefore, 

1 kJ/kg 


AEsuitcase = = = (30 kg)(9.81m/s )(35 m) 


\ 


1000 m 2 /s 2 ; 


= 10.3kJ 


Therefore, the suitcase on 10 th floor has 10.3 kJ more energy compared to an identical suitcase on the lobby level. 

Discussion Noting that 1 kWh = 3600 kJ, the energy transferred to the suitcase is 10.3/3600 = 0.0029 kWh, which is very 
small. 


2-11 A hydraulic turbine-generator is to generate electricity from the water of a large reservoir. The power generation 
potential is to be determined. 


Assumptions 1 The elevation of the reservoir remains constant. 
2 The mechanical energy of water at the turbine exit is 
negligible. 

Analysis The total mechanical energy water in a reservoir 
possesses is equivalent to the potential energy of water at the 
free surface, and it can be converted to work entirely. 
Therefore, the power potential of water is its potential energy, 
which is gz per unit mass, and mgz for a given mass flow rate. 


f 


^mech = pe = gz = (9.81m/s 2 )(120 m) 


1 kJ/kg 


2/2 


1000 m z /s 


= 1.177 kJ/kg 



Then the power generation potential becomes 


^max = ^mech = ^mech = ( 2400 kg/s)(l. 177 kJ/kg) 


lkW 

lkJ/s 


2825kW 


Therefore, the reservoir has the potential to generate 2825 kW of power. 

Discussion This problem can also be solved by considering a point at the turbine inlet, and using flow energy instead of 
potential energy. It would give the same result since the flow energy at the turbine inlet is equal to the potential energy at the 
free surface of the reservoir. 
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2-12 Wind is blowing steadily at a certain velocity. The mechanical energy of air per unit mass and the power generation 
potential are to be determined. 


2-4 


Assumptions The wind is blowing steadily at a constant 
uniform velocity. 

Properties The density of air is given to be p - 1 .25 kg/m . 

Analysis Kinetic energy is the only form of mechanical 
energy the wind possesses, and it can be converted to work 
entirely. Therefore, the power potential of the wind is its 

kinetic energy, which is V ~ / 2 per unit mass, and mV / 2 for 
a given mass flow rate: 


^rnech ^ 


V 2 (10 m/s) 


lkJ/kg 


1000 m 2 /s 2 ; 


- 0.050 kJ/kg 


7tD 


3 ,,. a /x 7r(60my 


m = pVA = pV = (1.25 kg/m )(10 m/s) 


= 35,340 kg/s 



W lrax = E mb = nw mch = (35,340 kg/s)(0.Q50 kJ/kg) = 1770 kW 

Therefore, 1770 kW of actual power can be generated by this wind turbine at the stated conditions. 

Discussion The power generation of a wind turbine is proportional to the cube of the wind velocity, and thus the power 
generation will change strongly with the wind conditions. 


2-13 A water jet strikes the buckets located on the perimeter of a wheel at a specified velocity and flow rate. The power 
generation potential of this system is to be determined. 


Assumptions Water jet flows steadily at the specified speed and flow rate. 

Analysis Kinetic energy is the only form of harvestable mechanical 
energy the water jet possesses, and it can be converted to work entirely. 
Therefore, the power potential of the water jet is its kinetic energy, 

which is V ~ /2 per unit mass, and mV " / 2 for a given mass flow rate: 


^mech ke 


V 


(60 m/s) 2 
2 


' 1 kJ/kg ^ 
v 1000 m 2 /s 2 , 


1.8 kJ/kg 


W™ = E 


max 


mech 


= me 


mech 


= (120 kg/s )( 1.8 kJ/kg) 


lkW 

lkJ/s 


= 216kW 


Therefore, 216 kW of power can be generated by this water jet at the 
stated conditions. 



Discussion An actual hydroelectric turbine (such as the Pelton wheel) can convert over 90% of this potential to actual 
electric power. 
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2-5 


2-14 Two sites with specified wind data are being considered for wind power generation. The site better suited for wind 
power generation is to be determined. 


Assumptions IThe wind is blowing steadily at specified velocity during specified times. 2 The wind power generation is 
negligible during other times. 


Properties We take the density of air to be p = 1.25 kg/m (it 
does not affect the final answer). 

Analysis Kinetic energy is the only form of mechanical energy 
the wind possesses, and it can be converted to work entirely. 
Therefore, the power potential of the wind is its kinetic energy, 

which is V 12 per unit mass, and mV / 2 for a given mass flow 
rate. Considering a unit flow area (A = 1 m ), the maximum wind 
power and power generation becomes 


^mech,l 


Vi (7 m/s) 


1 kJ/kg 


2/2 


1000 m z /s 


= 0.0245 kJ/kg 


^ mech, 2 



(10 m/s) 2 
2 


' 1 kJ/kg N 

J000m 2 /s 2 y 


= 0.050 kJ/kg 



Wmax.l “-^mech. 1 _, ”l e mech,l 


= pV l Ake 1 = (1.25 kg/m 3 )(7 m/s)(l m 2 )(0.0245 kJ/kg) = 0.2144 kW 


^max .2 =£nwh ,7 =ffl 7 gnwh .7 = pV 2 Ake 2 = (1 .25 kg/m 3 )(10 m/s)(l m 2 )(0.050 kJ/kg) = 0.625 kW 
since 1 kW = 1 kJ/s. Then the maximum electric power generations per year become 

is max, 1 = ^max,i^i = (0.2144 kW)(3000 h/yr) = 643 kWh/yr (per m 2 flow area) 


E m ix 2 =Wmax, 2^2 = (0.625 kW)(l 500 h/yr) = 938 kWh/yr (per m 2 flow area) 

Therefore, second site is a better one for wind generation. 

Discussion Note the power generation of a wind turbine is proportional to the cube of the wind velocity, and thus the 
average wind velocity is the primary consideration in wind power generation decisions. 
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2-6 


2-15 A river flowing steadily at a specified flow rate is considered for hydroelectric power generation by collecting the water 
in a dam. For a specified water height, the power generation potential is to be determined. 


Assumptions 1 The elevation given is the elevation of the free surface of the river. 2 The mechanical energy of water at the 
turbine exit is negligible. 


Properties We take the density of water to be p - 1000 kg/m . 

Analysis The total mechanical energy the water in a dam possesses is 
equivalent to the potential energy of water at the free surface of the 
dam (relative to free surface of discharge water), and it can be 
converted to work entirely. Therefore, the power potential of water is 
its potential energy, which is gz per unit mass, and mgz for a given 

mass flow rate. 



= pe = gz = (9.81 m/s 2 


)(80 m) 


' lkJ/kg 
J000m 2 /s 



0.7848 kJ/kg 


The mass flow rate is 

m = p0 = (1000 kg/m 3 )(175 m 3 /s) = 175, 000 kg/s 
Then the power generation potential becomes 


Wmax = E tmch = »«Wh = (175,000 kg/s)(0.7848 kj/kg)! 


( 1 MW 


= 1 37MW 


■J 


1000 kJ/s 

Therefore, 1 37 MW of power can be generated from this river if its power potential can be recovered completely. 
Discussion Note that the power output of an actual turbine will be less than 137 MW because of losses and inefficiencies. 


2-16 A river is flowing at a specified velocity, flow rate, and elevation. The total mechanical energy of the river water per 
unit mass, and the power generation potential of the entire river are to be determined. 


Assumptions 1 The elevation given is the elevation of the free surface of the river. 2 The velocity given is the average 
velocity. 3 The mechanical energy of water at the turbine exit is negligible. 


Properties We take the density of water to be p - 1000 kg/m . 


Analysis Noting that the sum of the flow energy and the 
potential energy is constant for a given fluid body, we can 
take the elevation of the entire river water to be the elevation 
of the free surface, and ignore the flow energy. Then the total 
mechanical energy of the river water per unit mass becomes 


V 2 

<Wh = pe + ke = gh + — 


f 

(9.81 m/s 2 )(90 m) + 

V 


(3 m/s)‘ 


River 


3 m/s 

► 



The power generation potential of the river water is obtained by multiplying the total mechanical energy by the mass flow 
rate, 

m = pV = (1000 kg/m 3 )(500 m 3 /s) = 500,000 kg/s 


W m =E mxh =me nIch = (500,000 kg/s)(0. 887 kj/kg) = 444,000 kW = 444 MW 

Therefore, 444 MW of power can be generated from this river as it discharges into the lake if its power potential can be 
recovered completely. 

Discussion Note that the kinetic energy of water is negligible compared to the potential energy, and it can be ignored in the 
analysis. Also, the power output of an actual turbine will be less than 444 MW because of losses and inefficiencies. 
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Energy Transfer by Heat and Work 


2-7 


2-17C The form of energy that crosses the boundary of a closed system because of a temperature difference is heat; all other 
forms are work. 


2-18C (a) The car's radiator transfers heat from the hot engine cooling fluid to the cooler air. No work interaction occurs in 
the radiator. 

( b ) The hot engine transfers heat to cooling fluid and ambient air while delivering work to the transmission. 

(c) The warm tires transfer heat to the cooler air and to some degree to the cooler road while no work is produced. 
No work is produced since there is no motion of the forces acting at the interface between the tire and road. 

(d) There is minor amount of heat transfer between the tires and road. Presuming that the tires are hotter than the 
road, the heat transfer is from the tires to the road. There is no work exchange associated with the road since it cannot move. 

(e) Heat is being added to the atmospheric air by the hotter components of the car. Work is being done on the air as 
it passes over and through the car. 


2-19C (a) From the perspective of the contents, heat must be removed in order to reduce and maintain the content's 
temperature. Heat is also being added to the contents from the room air since the room air is hotter than the contents. 

( b ) Considering the system formed by the refrigerator box when the doors are closed, there are three interactions, 
electrical work and two heat transfers. There is a transfer of heat from the room air to the refrigerator through its walls. 
There is also a transfer of heat from the hot portions of the refrigerator (i.e., back of the compressor where condenser is 
placed) system to the room air. Finally, electrical work is being added to the refrigerator through the refrigeration system. 

(c) Heat is transferred through the walls of the room from the warm room air to the cold winter air. Electrical work 
is being done on the room through the electrical wiring leading into the room. 


2-20C It is a work interaction. 


2-21 C It is a work interaction since the electrons are crossing the system boundary, thus doing electrical work. 


2-22C It is a heat interaction since it is due to the temperature difference between the sun and the room. 


2-23C This is neither a heat nor a work interaction since no energy is crossing the system boundary. This is simply the 
conversion of one form of internal energy (chemical energy) to another form (sensible energy). 
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2-8 


2-24 The power produced by an electrical motor is to be expressed in different units. 
Analysis Using appropriate conversion factors, we obtain 

'1J/sY 1 N • m 


(a) 


00 


W = (5 W) 


W = ( 5 W) 


1 W 


a 


u 


5 N m/s 


f lJ/s^j 

flN-nO 

1 kg • m/s 2 

liwj 

l U J 

l 1N J 


2/^3 


5 kg m /s 


2-25E The power produced by a model aircraft engine is to be expressed in different units. 
Analysis Using appropriate conversion factors, we obtain 


(a) W = (10 W) 


(b) W = (10 W) 


1 Btu/s 


Y 778. 169 lbf - ft/s 
1055.056 wj v 


lhp 


\ 


745.7 W 


1 Btu/s 

0.01 34hp 


= 7.38lbf ft/s 


Mechanical Forms of Work 

2-26C The work done is the same, but the power is different. 


2-27E A construction crane lifting a concrete beam is considered. The amount of work is to be determined considering (a) 
the beam and (b) the crane as the system. 

Analysis (a) The work is done on the beam and it is determined from 


W = mgAz = (3 x 2000 lbm)(32. 174 ft/s 


1 lbf 

32.174 lbm-ft/s 


(24 ft) 



= 144,000lbf -ft 

= (144,000 lbf -ft) 


( 1 Btu 'j 



= 185 Btu 


[ 778. 169 lbf -ft J 

1 


A 

24 ft 

V 


(. b ) Since the crane must produce the same amount of work as is required 
to lift the beam, the work done by the crane is 

= 1 44,0001 bf ft = 185 Btu 
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2-9 


2-28E A man is pushing a cart with its contents up a ramp that is inclined at an angle of 10° from the horizontal. The work 
needed to move along this ramp is to be determined considering (a) the man and (b) the cart and its contents as the system. 


Analysis (a) Considering the man as the system, letting / be the displacement along the ramp, and letting 0 be the inclination 
angle of the ramp, 


IT = FI sin 0 = (100 + 180 lbf)(100 t)sin(10) = 48621 bf • ft 


= (4862 lbf ■ ft) 


1 Btu 

v 778. 169 lbf -ft 


6.248Btu 


This is work that the man must do to raise the weight of the cart and contents, plus his own weight, a distance of /sin 6. 
(b) Applying the same logic to the cart and its contents gives 

IT - FI sin 0 = (100 lbf )(100 ft)sin(lO) = 1 736lbf • ft 

1 Btu 


= (1736 lbf -ft) 


778.169 lbf -ft 


= 2.231Btu 


2-29E The work required to compress a spring is to be determined. 

Analysis Since there is no preload, F = kx. Substituting this into the work expression gives 

2 2 2 7 


W = J Fds = j* locdx = k j* xdx = — (x\ - x \ ) 

[ai 


200 lbf in 


= (8.33 lbf -ft) 


in) 2 -0 2 


1 Btu 


k 
2 

lft A 


F 


12 in 


= 8.33 lbf ft 


778.169 lbf -ft 


= 0.0107Btu 



2-30 A car is accelerated from 10 to 60 km/h on an uphill road. The work needed to achieve this is to be determined. 
Analysis The total work required is the sum of the changes in potential and kinetic energies, 

2 / \ 2 ^ 


and 

Thus, 


W a =hn(v 2 2 — Vi 2 )=^( 1300 kg) 


60,000 m 
3600 s 


W = mg{z 2 -Zi)= (1300 kg)(9.81 m/s 2 )(40 m) 


Wtotai = W a +W g = 175.5 + 5 10.0 = 686 kJ 


10,000 m 
3600 s 

lkJ 


lkJ 


1000 kg -m 2 /s 2 


1000 kg • m 2 /s 2 


= 510.0 kJ 


= 175.5 kJ 
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2-10 


2-31E The engine of a car develops 450 hp at 3000 rpm. The torque transmitted through the shaft is to be determined. 
Analysis The torque is determined from 


T = 


W 0 


sh 


450 hp 


2m 2/r(3000/60)/s 


550 lbf - ft/s 
1 hp 


= 788 lbf ft 


2-32E The work required to expand a soap bubble is to be determined. 

Analysis Noting that there are two gas-liquid interfaces in a soap bubble, the surface tension work is determined from 

2 

W = 2j a s dA = ct(A 1 - A 2 ) = 2(0.005 lbf ft )/r[(3 /12ft) 2 - (0.5 /12ft) 2 
1 


= 0.001909 lbf -ft =(0.001909 lbf -ft) 


f 1 Btu ^ 
v 778.21bf • ft , 


= 12.45x10 -6 


Btu 


2-33 A linear spring is elongated by 20 cm from its rest position. The work done is to be determined. 
Analysis The spring work can be determined from 

W spring = - k(xl - x 2 ) = - (70 kN/m)(0.2 2 - 0) m 2 = 1.4 kN • m = 1 .4 kJ 
2 2 
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2-11 


2-34 A ski lift is operating steadily at 10 km/h. The power required to operate and also to accelerate this ski lift from rest to 
the operating speed are to be determined. 

Assumptions 1 Air drag and friction are negligible. 2 The average mass of each loaded chair is 250 kg. 3 The mass of 
chairs is small relative to the mass of people, and thus the contribution of returning empty chairs to the motion is disregarded 
(this provides a safety factor). 

Analysis The lift is 1000 m long and the chairs are spaced 20 m apart. Thus at any given time there are 1000/20 = 50 chairs 
being lifted. Considering that the mass of each chair is 250 kg, the load of the lift at any given time is 

Load = (50 chairs)(250 kg/chair) = 12,500 kg 

Neglecting the work done on the system by the returning empty chairs, the work needed to raise this mass by 200 m is 



= mg(z 2 -z x )= (12,500 kg)(9 . 8 1 m/s 2 )(200 m) 


lkJ 


1000 kg-m 2 /s 2 


= 24,525 kJ 


At 10 km/h, it will take 


A^ 


distance 

velocity 


lkm 
10 km/h 


= 0.1 h = 360 s 


to do this work. Thus the power needed is 



W 

8 

At 


24,525 kJ 
360 s 


68.1kW 


The velocity of the lift during steady operation, and the acceleration during start up are 


V = (10km4-^^ 

V3.6 km/h 

AV 2.778 m/s -0 


= 2.778 m/s 


a = 


= 0.556 m/s 


At 5 s 

During acceleration, the power needed is 


W a = - m(V? -y, 2 )/Ar = -(12,500 kg)((2.778 m/s) 2 -0] 1 

2 2 v \l000m 2 /s 


/(5 s) =9.6 kW 


Assuming the power applied is constant, the acceleration will also be constant and the vertical distance traveled during 
acceleration will be 


h = — at 2 since = —at 2 = —(0.556 m/s 2 )(5 s) 2 (0.2) = 1.39 m 

2 2 1000 m 2 


and 


w =mg{z 2 -Zi)/ A/ = (12,500 kg)(9.81 m/s 2 )(1.39 m) 


^ 1 kJ/kg ' 

1000 kg-m 2 /s 2 


/(5 s) = 34.1 kW 


Thus, 


W to tai =K - 9.6 + 34.1 = 43.7 kW 
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2-12 


2-35 The engine of a car develops 75 kW of power. The acceleration time of this car from rest to 100 km/h on a level road 
is to be determined. 


Analysis The work needed to accelerate a body is the change in its kinetic energy, 


W a = 2 m(v 2 2 - v , 2 )= | (1 500 kg) 


r 


100,000 m 
3600 s 


-0 


lkJ 


1000 kg • m 2 /s 2 


= 578.7 kJ 


Thus the time required is 


W 

At = -A L 


578.7 kJ 
75 kJ/s 


7.72 s 


This answer is not realistic because part of the power will be used 
against the air drag, friction, and rolling resistance. 



2-36 A car is to climb a hill in 12 s. The power needed is to be determined for three different cases. 

Assumptions Air drag, friction, and rolling resistance are negligible. 

Analysis The total power required for each case is the sum of the rates 
of changes in potential and kinetic energies. That is, 

+otal =W a +W g 

(a) W a = 0 since the velocity is constant. Also, the vertical 
rise is h = (100 m)(sin 30°) = 50 m. Thus, 



w = mg (z 2 ~ Zi ) / At = (1 150 kg)(9.8 1 m/s^ )(50 m) 


lkJ 


1000 kg • m 2 /s 2 


/(12 s) = 47.0kW 


and 


=w„+w n = 0 + 47.0 = 47.0 kW 


total vv a ' "g 

( b ) The power needed to accelerate is 


W a =- m(V 2 2 - V , 2 ) / At = - (1 1 50 kg)[(30 m/s) 2 - 0 
2 — 


lkJ 


1000 kg • m 2 /s 2 


/(12 s) = 43.1 kW 


and 


w al =w +w =47.0 + 43.1 = 90.1 kW 


total "a ‘ " g 

(c) The power needed to decelerate is 


W a = - m(V 2 - V\ ) / At = - (1 150 kg) [(5 m/s) 2 - (35 m/s) 2 - 


lkJ 


1000 kg • m 2 /s 2 


/(12 s) = -57.5 kW 


and 


Wjotai = W a + W g = -57.5 + 47. 1 = -1 0.5 kW (breaking power) 
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The First Law of Thermodynamics 


2-13 


2-37C Energy can be transferred to or from a control volume as heat, various forms of work, and by mass transport. 


2-38C Warmer. Because energy is added to the room air in the form of electrical work. 


2-39 Water is heated in a pan on top of a range while being stirred. The energy of the water at the end of the process is to be 
determined. 

Assumptions The pan is stationary and thus the changes in kinetic and potential energies are negligible. 

Analysis We take the water in the pan as our system. This is a closed system since no mass enters or leaves. Applying the 
energy balance on this system gives 

fin ~ ^out — ^^fistem 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass po ten til, etc. energies 

Gin +W s hin - Gout = A U = U 2 -U l 
30 kJ + 0.5 kJ - 5 kJ = U 2 - 10 kJ 

U 2 =35.5 kJ 

Therefore, the final internal energy of the system is 35.5 kJ. 


2-40E Water is heated in a cylinder on top of a range. The change in the energy of the water during this process is to be 
determined. 

Assumptions The pan is stationary and thus the changes in kinetic and potential energies are negligible. 

Analysis We take the water in the cylinder as the system. This is a closed system since no mass enters or leaves. Applying 
the energy balance on this system gives 


£ in - V 

V 

N et en erg y tran s fer 
by heat, work, and mass 


A F 

system 

V 

Changein internal, kinetic, 
potental, etc. energies 


Q in -W oat -Q oat =AU=U 2 -U 1 
65 Btu-5 Btu-8 Btu = A U 


A U = U 2 -U x = 52 Btu 


Therefore, the energy content of the system increases by 52 Btu during this process. 
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2-14 


2-41E The heat loss from a house is to be made up by heat gain from people, lights, appliances, and resistance heaters. For a 
specified rate of heat loss, the required rated power of resistance heaters is to be determined. 


Assumptions 1 The house is well-sealed, so no air enters or heaves the house. 2 All the lights and appliances are kept on. 3 
The house temperature remains constant. 


Analysis Taking the house as the system, the energy balance can be written as 


£ in- £ out 


= dE^Jdt^ ^ = 0 


— > F = F 

^ ^out 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 

where E out = Q DUt = 60,000 Btu/h and 

^in — ^people ^lights ^appliance ^heater — 0000 Btu/h + F^ eater 

Substituting, the required power rating of the heaters becomes 


^heater = 60,000 - 6000 = 54,000 Btu/h 


f 


lkW 


3412 Btu/h ) 


= 15.8kW 



Discussion When the energy gain of the house equals the energy loss, the temperature of the house remains constant. But 
when the energy supplied drops below the heat loss, the house temperature starts dropping. 


2-42E A water pump increases water pressure. The power input is to be determined. 
Analysis The power input is determined from 


W = V(P 2 -P l ) 

= (0.8 ft 3 /s)( 70 - 15)psia 

= 11.5hp 


70 psia 


1 Btu 


5.404 psia • ft 


Ihp 


0.7068 Btu/s 



The water temperature at the inlet does not have any significant effect on the required power. 


Water 
15 psia 
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2-43 A water pump is claimed to raise water to a specified elevation at a specified rate while consuming electric power at a 
specified rate. The validity of this claim is to be investigated. 

Assumptions 1 The water pump operates steadily. 2 Both the lake and the pool are open to the atmosphere, and the flow 
velocities in them are negligible. 


Properties We take the density of water to be p = 1000 kg/nr = 1 kg/L. 

Analysis For a control volume that encloses the 
pump-motor unit, the energy balance can be written 
as 


^in E out 


^^"system ^ dt 


<P0 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 


E in = E out 


W m + rape , = rape 2 — » W m = raApe = mg(z 2 ~ z { ) 




m = pV = (1 kg/L)(50 L/s) = 50 kg/s 


Substituting, the minimum power input required is determined to be 


W [n = mg(z 2 -z x ) = (50kg/s)(9.81m/s 2 )(30 m) 


lkJ/kg 


2/2 


1000 m /s 


= 14.7 kJ/s = 14.7kW 


which is much greater than 2 kW. Therefore, the claim is false. 

Discussion The conservation of energy principle requires the energy to be conserved as it is converted from one form to 
another, and it does not allow any energy to be created or destroyed during a process. In reality, the power required will be 
considerably higher than 14.7 kW because of the losses associated with the conversion of electric al-to-mechanical shaft and 
mechanical shaft-to-potential energy of water. 


2-44 A classroom is to be air-conditioned using window air-conditioning units. The cooling load is due to people, lights, 
and heat transfer through the walls and the windows. The number of 5-kW window air conditioning units required is to be 
determined. 

Assumptions There are no heat dissipating equipment (such as computers, TVs, or ranges) in the room. 

Analysis The total cooling load of the room is determined from 

Scooling ^lights Speople Sheat gain 

where 

Slights = 10: X 100 W=lkW 

Speople=40x360kJ/h = 4kW 

Sheat gain = 15,000 kJ / h = 4.17 kW 15,000 kJ/h 

Substituting, <2 cooling = 1 + 4 + 4.17 = 9. 17 kW 

Thus the number of air-conditioning units required is 
9.17 kW 

= 1.83 >2 units 

5 kW/unit 



Q 


cool 
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2-45 The classrooms and faculty offices of a university campus are not occupied an average of 4 hours a day, but the lights 
are kept on. The amounts of electricity and money the campus will save per year if the lights are turned off during 
unoccupied periods are to be determined. 

Analysis The total electric power consumed by the lights in the classrooms and faculty offices is 

^lighting classroom “ (Power consumed per lamp) x (No. of lamps) = (200 x 12 x 1 10 W) = 264,000 = 264 kW 
^lighting offices = (Power consumed per lamp) x (No. of lamps) = (400 x 6 x 1 10 W) = 264,000 = 264 kW 
^lighting, total — ^lighting classroom ^lightingpffices — 2(34 + 264 — 528 kW 

Noting that the campus is open 240 days a year, the total number of unoccupied work hours per year is 
Unoccupied hours = (4 hours/day)(240 days/year) = 960 h/yr 
Then the amount of electrical energy consumed per year during unoccupied work period and its cost are 

Energy savings = (E lighting total )(Unoccupied hours) = (528 kW)(960 h/yr) = 506, 880 kWh 

Cost savings = (Energy savings)(Unit cost of energy) = (506,880kWh/yr)($0. 1 l/kWh)= $55,757/yr 

Discussion Note that simple conservation measures can result in significant energy and cost savings. 


2-46 An industrial facility is to replace its 40-W standard fluorescent lamps by their 35-W high efficiency counterparts. The 
amount of energy and money that will be saved a year as well as the simple payback period are to be determined. 

Analysis The reduction in the total electric power consumed by the lighting as a result of switching to the high efficiency 
fluorescent is 

Wattage reduction = (Wattage reduction per lamp)(Number of lamps) 

= (40 - 34 W/lamp)(700 lamps) 

= 4200 W 

Then using the relations given earlier, the energy and cost savings associated with the replacement of the high efficiency 
fluorescent lamps are determined to be 

Energy Savings = (Total wattage reduction)(Ballast factor) (Operating hours) 

= (4.2 kW)( 1.1)(2800 h/year) 

= 12,936 kWh/year 

Cost Savings = (Energy savings)(Unit electricity cost) 

= (12,936 kWh/year)($0. 105/kWh) 

= $1 358/year 

The implementation cost of this measure is simply the extra cost of the energy efficient 
fluorescent bulbs relative to standard ones, and is determined to be 

Implementation Cost = (Cost difference of lamps)(Number of lamps) 

= [($2.26-$ 1 .77)/lamp](700 lamps) 

= $343 

This gives a simple payback period of 

, . , Implementation cost $343 . „ _ 

Simple payback period = = = 0.25 year (3.0 months) 

Annual cost savings $1358 /year 

Discussion Note that if all the lamps were burned out today and are replaced by high-efficiency lamps instead of the 
conventional ones, the savings from electricity cost would pay for the cost differential in about 4 months. The electricity 
saved will also help the environment by reducing the amount of C0 2 , CO, NO x , etc. associated with the generation of 
electricity in a power plant. 
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2-47 A room contains a light bulb, a TV set, a refrigerator, and an iron. The rate of increase of the energy content of the 
room when all of these electric devices are on is to be determined. 


Assumptions 1 The room is well sealed, and heat loss from the room is negligible. 2 All the appliances are kept on. 
Analysis Taking the room as the system, the rate form of the energy balance can be written as 




system ^ 


— > 


dE .Dom / dt = E m 


Rateof net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 


since no energy is leaving the room in any form, and thus E out = 0 . Also, 

^in ~ ^lights + ^TV + ^refrig + ^iron 

= 40 + 110 + 300 + 1200 W 
= 1650 W 

Substituting, the rate of increase in the energy content of the room becomes 



dE mom I dt = E in = 1 650 W 


Discussion Note that some appliances such as refrigerators and irons operate intermittently, switching on and off as 
controlled by a thermostat. Therefore, the rate of energy transfer to the room, in general, will be less. 


2-48E A fan accelerates air to a specified velocity in a square duct. The minimum electric power that must be supplied to the 
fan motor is to be determined. 


Assumptions 1 The fan operates steadily. 2 There are no conversion losses. 
Properties The density of air is given to be p = 0.075 lbm/ft 3 . 


Analysis A fan motor converts electrical energy to mechanical shaft energy, and the fan transmits the mechanical energy of 
the shaft (shaft power) to mechanical energy of air (kinetic energy). For a control volume that encloses the fan-motor unit, 
the energy balance can be written as 


E -E - dE I dt ^° (steady ) =0 — > F =F 

^in ^ out system ' UL u ^ ^in J - 

\ v J . V V J 

Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass p»tential,etc. energies 

v o 2 ut 

^elect, in — ^air^out — ^air ^ 


where 


= p VA = (0.075 lbm/ft 3 )(3 x 3 ft z )(22 ft/s) = 14.85 lbm/s 



Substituting, the minimum power input required is determined to be 


+n = « J air 


V. 


out 


(14.85 lbm/s) 


(22 ft/s) 2 
2 


1 Btu/lbm 
v 25,037ft 2 Is 2 


= 0.1435 Btu/s = 151 W 


since 1 Btu = 1.055 kJ and 1 kJ/s = 1000 W. 

Discussion The conservation of energy principle requires the energy to be conserved as it is converted from one form to 
another, and it does not allow any energy to be created or destroyed during a process. In reality, the power required will be 
considerably higher because of the losses associated with the conversion of electrical-to-mechanical shaft and mechanical 
shaft-to-kinetic energy of air. 
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2-49 The fan of a central heating system circulates air through the ducts. For a specified pressure rise, the highest possible 
average flow velocity is to be determined. 


Assumptions 1 The fan operates steadily. 2 The changes in kinetic and potential energies across the fan are negligible. 
Analysis For a control volume that encloses the fan unit, the energy balance can be written as 


E -E = dE / dt^° (steady) zz 0 

^in ^ out system ' Ul y 

v v J V J 

Rateof net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass p)tential,etc. energies 


-> 



W m + rh(Pv) 1 = m(Pv) 2 —> W m = m(P 2 —P\)v = 0 A P 

since m = Wv and the changes in kinetic and potential energies of 
gasoline are negligible, Solving for volume flow rate and 
substituting, the maximum flow rate and velocity are determined to 
be 


(/_ = 


W in 60 J/s 


max 


AP 50 Pa 


IPa-m 

TT 


3 ^ 


= 1.2 m/s 


= 


1/ 


max 


l/. 


max 


1.2 m 3 /s 


max 


A, 


tjD 2 !4 tt( 0.30m) 2 /4 


-17.0 m/s 


AP = 50 Pa 



Discussion The conservation of energy principle requires the energy to be conserved as it is converted from one form to 
another, and it does not allow any energy to be created or destroyed during a process. In reality, the velocity will be less 
because of the losses associated with the conversion of electrical-to-mechanical shaft and mechanical shaft-to-flow energy. 



2-50 A gasoline pump raises the pressure to a specified value 
maximum volume flow rate of gasoline is to be determined. 


while consuming electric power at a specified rate. The 


Assumptions 1 The gasoline pump operates steadily. 2 The changes in kinetic and potential energies across the pump are 
negligible. 


Analysis For a control volume that encloses the pump-motor unit, the energy balance can be written as 



v 

Rateof net energy transfer 
by heat, work, and mass 


dE system /dP 0 ^ = 0 

V 

Rateof changein internal, kinetic, 
potential, etc. energies 


-> 


^in — ^out 


W [n + rij(Pv ) i = m(P i/) 2 — > W[ n = m(P 2 - P x )v - 0 AP 


since m = V/v and the changes in kinetic and potential energies of 
gasoline are negligible, Solving for volume flow rate and 
substituting, the maximum flow rate is determined to be 


W 

V = in 


max 


AP 


3.8kJ/s ( lkPa-m 3 " 
7kPa [ lkJ 


= 0.543m 3 /s 



Discussion The conservation of energy principle requires the energy to be conserved as it is converted from one form to 
another, and it does not allow any energy to be created or destroyed during a process. In reality, the volume flow rate will be 
less because of the losses associated with the conversion of electrical-to-mechanical shaft and mechanical shaft-to-flow 
energy. 
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2-51 An inclined escalator is to move a certain number of people upstairs at a constant velocity. The minimum power 
required to drive this escalator is to be determined. 

Assumptions 1 Air drag and friction are negligible. 2 The average mass of each person is 75 kg. 3 The escalator operates 
steadily, with no acceleration or breaking. 4 The mass of escalator itself is negligible. 

Analysis At design conditions, the total mass moved by the escalator at any given time is 

Mass = (50 persons)(75 kg/person) = 3750 kg 

The vertical component of escalator velocity is 

V veit = V sin 45° = (0.6 m/s)sin45° 


Under stated assumptions, the power supplied is used to increase the potential energy of people. Taking the people on 
elevator as the closed system, the energy balance in the rate form can be written as 


fin ~ £qu. = f^sy.tenM =0 

Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 


— > 


4i =dE sys /dt = 


A.Zfi,ys 

At 


W.. = APE = »«4z = 


in 


At At 


That is, under stated assumptions, the power input to the escalator must be equal to the rate of increase of the potential 
energy of people. Substituting, the required power input becomes 


Wj n = ragV vert = (3750 kg)(9.81 m/s 2 )(0.6 m/s)sin45° 


r 1 kJ/kg ^ 
v 1000 m 2 /s 2 , 


= 12.5 kJ/s = 1 5.6 kW 


When the escalator velocity is doubled to V = 1.2 m/s, the power needed to drive the escalator becomes 


W m =tngV veit =(3750 kg)(9.81 m/s 2 )(1.2 m/s)sin45° 


' 1 kJ/kg 2 

v 1000 m 2 /s 2 , 


= 25.0 kJ/s = 31 .2 kW 


Discussion Note that the power needed to drive an escalator is proportional to the escalator velocity. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



2-20 

2-52 A car cruising at a constant speed to accelerate to a specified speed within a specified time. The additional power 
needed to achieve this acceleration is to be determined. 

Assumptions 1 The additional air drag, friction, and rolling resistance are not considered. 2 The road is a level road. 

Analysis We consider the entire car as the system, except that let’s assume the power is supplied to the engine externally for 
simplicity (rather that internally by the combustion of a fuel and the associated energy conversion processes). The energy 
balance for the entire mass of the car can be written in the rate form as 


£ ,n - £ out = dE systoJdt = 0 -> E- m = dE %y J dt 

' V ' , V v ' 

Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 



A KE 
At 


m(V 2 -Vf)/2 
At 


since we are considering the change in the energy content of the car due to 
a change in its kinetic energy (acceleration). Substituting, the required 
additional power input to achieve the indicated acceleration becomes 


A£ sys 

At 



Win = m 


V? -V, 2 


2A t 


= (1400 kg) 


(110/3.6 m/s) 2 -(70/3. 6 m/s) 2 


2(5 s) 


1 kJ/kg 


v 1000 m 2 /s 2 , 


= 77.8 kJ/s = 77.8 kW 


since 1 m/s = 3.6 km/h. If the total mass of the car were 700 kg only, the power needed 


w in = m 


Vi -v , 2 

2A t 


= (700 kg) 


(110/3.6 m/s) 2 -(70/3.6 m/s) 2 


2(5 s) 


1 kJ/kg 


v 1000 m 2 /s 2 y 


would be 

38.9 kW 


Discussion Note that the power needed to accelerate a car is inversely proportional to the acceleration time. Therefore, the 
short acceleration times are indicative of powerful engines. 


Energy Conversion Efficiencies 


2-53C The combined pump-motor efficiency of a pump/motor system is defined as the ratio of the increase in the mechanical 
energy of the fluid to the electrical power consumption of the motor, 


^7pump-motor ^7pump^7 motor 


r 77 

- c 'mech,out ^mech^n 


A E 


mech,fluid 


w, 


pump 




elect, in 


w. 


elect, in 


w. 


elect, in 


The combined pump-motor efficiency cannot be greater than either of the pump or motor efficiency since both pump and 
motor efficiencies are less than 1, and the product of two numbers that are less than one is less than either of the numbers. 


2-54C The turbine efficiency, generator efficiency, and combined turbine -generator efficiency are defined as follows: 

Mechanical energy output 


^7 turb ine 


'H generator 


^shaft,out 


Mechanical energy extracted from the fluid I AT? h fluid 

Electrical power output ^ e iect,out 
Mechanical power input W shaftin 




^7turbine-gen ^7tuibin77generator 


elect,out 


w 


elect,out 


77 77 

^median ^mech^ut 


AE, 


mech,fluid 
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2-55C No, the combined pump-motor efficiency cannot be greater that either of the pump efficiency of the motor efficiency. 
This is because /7 pum[>motor = 77 pump ?7 motor > an ^ both rj pump and 77 motor are less than one, and a number gets smaller when 

multiplied by a number smaller than one. 


2-56 A hooded electric open burner and a gas burner are considered. The amount of the electrical energy used directly for 
cooking and the cost of energy per “utilized” kWh are to be determined. 

Analysis The efficiency of the electric heater is given to be 73 percent. Therefore, a burner that consumes 3-kW of electrical 
energy will supply 


77 gas = 38% 

^electric — 73% 

^utilized ~ (Energy input) x (Efficienc y) = (2.4 kW)(0.73) = 1 .75 kW 


of useful energy. The unit cost of utilized energy is inversely proportional to the 
efficiency, and is determined from 


_ . , Cost of energy input 

Cost ol utilized energy = 

Efficiency 


$0.10 /kWh 
0.73 


$0.1 37/kWh 


Noting that the efficiency of a gas burner is 38 percent, the energy input to a gas burner 
that supplies utilized energy at the same rate (1.75 kW) is 



A _ ^utilized 

^nput,gas - Effidency 


1 75 kW 

— — — — - = 4.61kW (= 15,700 Btu/h) 
0.38 


since 1 kW = 3412 Btu/h. Therefore, a gas burner should have a rating of at least 15,700 Btu/h to perform as well as the 
electric unit. Noting that 1 therm = 29.3 kWh, the unit cost of utilized energy in the case of gas burner is determined the 
same way to be 


_ . , Cost of energy input 

Cost ol utilized energy = 

Efficiency 


$1.20/(29.3 kWh) 
0.38 


$0.1 08/kWh 
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2-57 A worn out standard motor is to be replaced by a high efficiency one. The amount of electrical energy and money 
savings as a result of installing the high efficiency motor instead of the standard one as well as the simple payback period are 
to be determined. 

Assumptions The load factor of the motor remains constant at 0.75. 

Analysis The electric power drawn by each motor and their difference can be expressed as 

^electric in, standard = ^shaft ' Standard = ( Power rating)(Load fector) / 77 standard 
^electric inefficient — ^shaft ^ ^efficient — (Power rating)(Lo ad fector) / ^7 efficient 

Power savings = lT electric in?standard - ^electric inefficient 

= (Power rating)(Load fictor)[l / /7 standard - 1 / ^efficient 1 

where p standard is the efficiency of the standard motor, and p efficient is the efficiency 
of the comparable high efficiency motor. Then the annual energy and cost 
savings associated with the installation of the high efficiency motor are 
determined to be 

Energy Savings = (Power savings)(Operating Hours) 

= (Power Rating) (Operating Hours)(Load Factor)( 1/p standard- l/Pefficiem) 

= (75 hp)(0.746 kW/hp)(4,368 hours/year)(0.75)(l/0.91 - 1/0.954) 

= 9,290 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy) 

= (9,290 kWh/year)($0. 12/kWh) 

= $11 14/year 

The implementation cost of this measure consists of the excess cost the high efficiency motor over the standard one. That is, 

Implementation Cost = Cost differential = $5,520 - $5,449 = $71 

This gives a simple payback period of 

, . , Implementation cost $71 . , 

Simplepayback period = = = 0.0637year (or 0.76 month) 

Annual cost savings $1114/ year 

Therefore, the high-efficiency motor will pay for its cost differential in less than one month. 


/7oid =91.0% 
77new =95.4% 



2-58 An electric motor with a specified efficiency operates in a room. The rate at which the motor dissipates heat to the 
room it is in when operating at full load and if this heat dissipation is adequate to heat the room in winter are to be 
determined. 

Assumptions The motor operates at full load. 

Analysis The motor efficiency represents the fraction of electrical energy 
consumed by the motor that is converted to mechanical work. The remaining part 
of electrical energy is converted to thermal energy and is dissipated as heat. 

(^dissipated (1 ^motorWn, electric 0 0.88)(20 kW) — 2.4 kW 

which is larger than the rating of the heater. Therefore, the heat dissipated by the 
motor alone is sufficient to heat the room in winter, and there is no need to turn 
the heater on. 

Discussion Note that the heat generated by electric motors is significant, and it should be considered in the determination of 
heating and cooling loads. 
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2-59E The combustion efficiency of a furnace is raised from 0.7 to 0.8 by tuning it up. The annual energy and cost savings 
as a result of tuning up the boiler are to be determined. 

Assumptions The boiler operates at full load while operating. 

Analysis The heat output of boiler is related to the fuel energy input to the boiler by 

Boiler output = (Boiler input)(Combustion efficiency) 

2out — 2in^7fumace 

The current rate of heat input to the boiler is given to be Q m culTent = 5.5 x 10 6 Btu/h . 

Then the rate of useful heat output of the boiler becomes 

Gout = (Gin V furnace ) current = (5-5 X 10 6 Btu/h)(0.7) = 3.85 X 10 6 Btu/h 

The boiler must supply useful heat at the same rate after the tune up. Therefore, the rate 
of heat input to the boiler after the tune up and the rate of energy savings become 

Gin, new = Gout/ '7fumace,new =(3-85 Xl0 6 Btu/h)/0.8= 4.81 X 10 6 Btu/h 

Gin, saved = Gin.cunent - Gin.new = 5.5 X K) 6 - 4. 81 X 10® = 0.69 X 10 6 Btu/h 
Then the annual energy and cost savings associated with tuning up the boiler become 
Energy Savings = <2 in , saved (Operation hours) 

= (0.69xl0 6 Btu/h)(4200 h/year) = 2.89x1 0 9 Btu/yr 

Cost Savings = (Energy Savings)(Unit cost of energy) 

= (2.89xl0 9 Btu/yr)($4.35/10 6 Btu) = $1 2,600/year 

Discussion Notice that tuning up the boiler will save $12,600 a year, which is a significant amount. The implementation cost 
of this measure is negligible if the adjustment can be made by in-house personnel. Otherwise it is worthwhile to have an 
authorized representative of the boiler manufacturer to service the boiler twice a year. 
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2-60E Problem 2-59E is reconsidered. The effects of the unit cost of energy and combustion efficiency on the annual 

energy used and the cost savings as the efficiency varies from 0.7 to 0.9 and the unit cost varies from $4 to $6 per million 
Btu are the investigated. The annual energy saved and the cost savings are to be plotted against the efficiency for unit costs 
of $4, $5, and $6 per million Btu. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

Q_dotJn_current=5.5E6 [Btu/h] 
eta_furnace_current=0.7 
eta_furnace_new=0.8 
Hours=4200 [h/year] 

UnitCost=4.35E-6 [$/Btu] 

"Analysis" 

Q_dot_out=Q_dot_jn_current*eta_furnace_current 
Q_d ot _i n_n e w=Q_d ot_o ut/eta_f u r n ace_n ew 
Q_dotJn_saved=Q_dotJn_current-Q_dot_in_new 
Energysavings=Q_dot_in_saved*Hours 
CostSavings=EnergySavings*UnitCost 



E| furnace, new 

Energy Savings 
[Btu/year] 

CostSavings 

[$/year] 

0.7 

0.00E+00 

0 

0.72 

6.42E+08 

3208 

0.74 

1.25E+09 

6243 

0.76 

1.82E+09 

9118 

0.78 

2.37E+09 

11846 

0.8 

2.89E+09 

14437 

0.82 

3.38E+09 

16902 

0.84 

3.85E+09 

19250 

0.86 

4.30E+09 

21488 

0.88 

4.73E+09 

23625 

0.9 

5.13E+09 

25667 


T lfurnace,new 
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2-61 Geothermal water is raised from a given depth by a pump at a specified rate. For a given pump efficiency, the required 
power input to the pump is to be determined. 


Assumptions 1 The pump operates steadily. 2 Frictional losses in the pipes are 
negligible. 3 The changes in kinetic energy are negligible. 4 The geothermal 
water is exposed to the atmosphere and thus its free surface is at atmospheric 
pressure. 

Properties The density of geothermal water is given to be p= 1050 kg/m . 

Analysis The elevation of geothermal water and thus its potential energy 
changes, but it experiences no changes in its velocity and pressure. Therefore, 
the change in the total mechanical energy of geothermal water is equal to the 
change in its potential energy, which is gz per unit mass, and mgz for a given 

mass flow rate. That is, 


A ^mech = '« Ae mech = mA P e = lh 8 A Z = pVgAz 


= (1050 kg/m 3 )(0.3 m 3 /s)(9.81 m/s 2 )(200 m) 


IN 

f lkW ^ 

J kg • m/s 2 , 

1, 1000 N- m/s J 


= 618.0 kW 



Then the required power input to the pump becomes 


W, 


pump, elect 


^^mech 
*7 p ump- motor 


618 kW 
0.74 


= 835kW 


Discussion The frictional losses in piping systems are usually significant, and thus a larger pump will be needed to 
overcome these frictional losses. 


2-62 Several people are working out in an exercise room. The rate of heat gain from people and the equipment is to be 
determined. 

Assumptions The average rate of heat dissipated by people in an exercise room is 600 W. 

Analysis The 6 weight lifting machines do not have any motors, and thus they do not contribute to the internal heat gain 
directly. The usage factors of the motors of the treadmills are taken to be unity since they are used constantly during peak 
periods. Noting that 1 hp = 745.7 W, the total heat generated by the motors is 

^motors — (No. of motors) x W motm . x / load x 

■/usage 'n 

motor 

= 7 x (2.5 x 746 W)x 0.70x 1.0/0.77= 1 1,870 W 
The heat gain from 14 people is 

Gpeopie = 14 x (600 W) = 8400 W 

Then the total rate of heat gain of the exercise room during peak period becomes 
Gtotal = <2™ ton + Gpeople = 1 1870 + 8400 = 20,270 W 
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2-63 A room is cooled by circulating chilled water through a heat exchanger, and the air is circulated through the heat 
exchanger by a fan. The contribution of the fan -motor assembly to the cooling load of the room is to be determined. 


Assumptions The fan motor operates at full load so that /j oad = 1. 

Analysis The entire electrical energy consumed by the motor, including the shaft 
power delivered to the fan, is eventually dissipated as heat. Therefore, the 
contribution of the fan-motor assembly to the cooling load of the room is equal to 
the electrical energy it consumes, 


Q i n tern al g en erati o n 


= W: 


in, electric 


^shaft 


111 


motor 


= (0.25 hp)/0.54 = 0.463 hp = 345 W 



since 1 hp = 746 W. 


2-64 A hydraulic turbine-generator is to generate electricity from the water of a lake. The overall efficiency, the turbine 
efficiency, and the shaft power are to be determined. 


Assumptions 1 The elevation of the lake and that of the discharge 
site remains constant. 2 Irreversible losses in the pipes are 
negligible. 

Properties The density of water can be taken to be p - 1000 
kg/m . The gravitational acceleration is g = 9.81 m/s . 

Analysis (a) We take the bottom of the lake as the reference level 
for convenience. Then kinetic and potential energies of water are 
zero, and the mechanical energy of water consists of pressure 
energy only which is 


= P = , 

^mechrin ^mech.out 8" 

P 


= (9.81m/s 2 )(50m) 
= 0.491 kJ/kg 


1 kJ/kg 


2,2 


1000 m7s 



Then the rate at which mechanical energy of fluid supplied to the turbine and the overall efficiency become 


I ^rech.fiuid 1= - e ,rcch,in ) = (5000 kg/s)(0.491 kJ/kg) = 2455 kW 


W. 


^1 overall ^1 turbine-gen 


elect,out 


A E 


mech .fluid 


1862 kW =0.760 

2455 kW 


( b ) Knowing the overall and generator efficiencies, the mechanical efficiency of the turbine is determined from 

P turbine-gen 0.76 


^7 turbine-gen ^7turbine^7generator ^ ^7 turbine 


= 0.800 


^generator 0.95 

(c) The shaft power output is determined from the definition of mechanical efficiency, 
Wshaftout ^turbine! A£ mch , fluid 1= (0.800)(2455 kW) = 1964 kW - 1 960kW 


Therefore, the lake supplies 2455 kW of mechanical energy to the turbine, which converts 1964 kW of it to shaft work that 
drives the generator, which generates 1862 kW of electric power. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



2-27 


2-65 A pump with a specified shaft power and efficiency is used to raise water to a higher elevation. The maximum flow 
rate of water is to be determined. 


Assumptions 1 The flow is steady and incompressible. 2 The elevation difference between 
the reservoirs is constant. 3 We assume the flow in the pipes to be frictionless since the 
maximum flow rate is to be determined, 

Properties We take the density of water to be p = 1000 kg/m . 

Analysis The useful pumping power (the part converted to mechanical energy of water) is 

%ump,u = ? 7pump^pump,shaft = (0.82)(7 h P ) = 5.74 h P 

The elevation of water and thus its potential energy changes during pumping, but it 
experiences no changes in its velocity and pressure. Therefore, the change in the total 
mechanical energy of water is equal to the change in its potential energy, which is gz 
per unit mass, and rhgz for a given mass flow rate. That is, 

Agnvrh = mAe„,,. h = mApe = thgAz = pVgAz 



Noting that A = W pumpu , the volume flow rate of water is determined to be 


Wpump,u _ 5.74 hp 

"745.7 W^| 

1 N • m/s^ 

1 kg • m/s 2 

pgz 2 (1000 kg/m 3 )(9.81 m/s 2 )(15 m) 

l lh P J 

l iw J 

l 1N J 


0.0291m 3 /s 


Discussion This is the maximum flow rate since the frictional effects are ignored. In an actual system, the flow rate of water 
will be less because of friction in pipes. 


2-66 Wind is blowing steadily at a certain velocity. The mechanical energy of air per unit mass, the power generation 
potential, and the actual electric power generation are to be determined. 


Assumptions 1 The wind is blowing steadily at a constant 
uniform velocity. 2 The efficiency of the wind turbine is 
independent of the wind speed. 

Properties The density of air is given to be p- 1.25 kg/m . 

Analysis Kinetic energy is the only form of mechanical energy 
the wind possesses, and it can be converted to work entirely. 
Therefore, the power potential of the wind is its kinetic energy, 

which is V 12 per unit mass, and mV / 2 for a given mass flow 
rate: 


e 


mech 



(7 m/s) 2 
2 


lkJ/kg ^ 
a000m 2 /s 2 y 


= 0.0245 kJ/kg 



m = pVA = pV 


7rD 2 

~ 


(1 .25 kg/m 3 )(7 m/s) 7r(8 ° m) = 43,982 kg/s 

4 


Wmax =E mxh =iiK mch =(43,982 kg/s )(0.0245 kJ/kg) = 1078kW 
The actual electric power generation is determined by multiplying the power generation potential by the efficiency, 

Select =7wind turbine^ = (0.30)(1078 kW) = 323kW 

Therefore, 323 kW of actual power can be generated by this wind turbine at the stated conditions. 

Discussion The power generation of a wind turbine is proportional to the cube of the wind velocity, and thus the power 
generation will change strongly with the wind conditions. 
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2-67 ““™ Problem 2-66 is reconsidered. The effect of wind velocity and the blade span diameter on wind power 
generation as the velocity varies from 5 m/s to 20 m/s in increments of 5 m/s, and the diameter varies from 20 m to 120 m in 
increments of 20 m is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

V=7 [m/s] 

D=80 [m] 
eta_overall=0.30 
rho=1 .25 [kg/m A 3] 

"Analysis" 
g=9.81 [m/s A 2] 

A=pi*D A 2/4 

m_dot=rho*A*V 

W_dot_max=m_dot*V A 2/2*Convert(m A 2/s A 2, kJ/kg) 
W dot elect=eta overall*W dot max 




4 6 8 10 12 14 16 18 20 

V [m/s] 
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2-68 Water is pumped from a lake to a storage tank at a specified rate. The overall efficiency of the pump-motor unit and the 
pressure difference between the inlet and the exit of the pump are to be determined. 

Assumptions 1 The elevations of the tank and the lake remain constant. 2 Frictional losses in the pipes are negligible. 3 The 
changes in kinetic energy are negligible. 4 The elevation difference across the pump is negligible. 

Properties We take the density of water to be p - 1000 kg/m . 

Analysis {a) We take the free surface of the lake to be point 1 ( 2 ) 

and the free surfaces of the storage tank to be point 2. We also v 

take the lake surface as the reference level ( z\ =0), and thus the 
potential energy at points 1 and 2 are pej = 0 and pe 2 = gz 2 . 

The flow energy at both points is zero since both 1 and 2 are 
open to the atmosphere (Pi = P 2 = P a . tm ). Further, the kinetic 
energy at both points is zero (ke! = ke 2 = 0) since the water at 
both locations is essentially stationary. The mass flow rate of 
water and its potential energy at point 2 are 

m = p0 = (1000 kg/m 3 )(0.070 m 3 /s) = 70 kg/s 

pe-, = gZr =(9.81m/s 2 )(15m) — lkJ/k& =0.1472kJ/kg 

U000m 2 /s 2 J 

Then the rate of increase of the mechanical energy of water becomes 

A £'mech,fluid = '«(<W,,out - ^mech^n ) = - 0) = mpe 2 = (70 kg/s)(0. 1472 kj/kg) = 10.3 kW 
The overall efficiency of the combined pump -motor unit is determined from its definition, 



A^mech, fluid 10.3 kW QO/ 

Poumo-motor = — • = = 0.669 or 66.9% 

/ pump-motoi 15 4kW 

yK elect,in 


( b ) Now we consider the pump. The change in the mechanical energy of water as it flows through the pump consists of the 
change in the flow energy only since the elevation difference across the pump and the change in the kinetic energy are 
negligible. Also, this change must be equal to the useful mechanical energy supplied by the pump, which is 10.3 kW: 


A^mech, fluid ^(^mech,out ^mech,in ) ™ 


Pl f 1 = i/a p 


Solving for A P and substituting, 


AP = 


A^mech, fluid 10.3kJ/s flkPa-m 


0.070 m 3 /s lkJ 


147kPa 


Therefore, the pump must boost the pressure of water by 147 kPa in order to raise its elevation by 15 m. 

Discussion Note that only two-thirds of the electric energy consumed by the pump-motor is converted to the mechanical 
energy of water; the remaining one-third is wasted because of the inefficiencies of the pump and the motor. 
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2-69 A large wind turbine is installed at a location where the wind is blowing steadily at a certain velocity. The electric 
power generation, the daily electricity production, and the monetary value of this electricity are to be determined. 


Assumptions 1 The wind is blowing steadily at a constant 
uniform velocity. 2 The efficiency of the wind turbine is 
independent of the wind speed. > 


• • 3 

Properties The density of air is given to be p = 1.25 kg/m . 

Analysis Kinetic energy is the only form of mechanical 
energy the wind possesses, and it can be converted to work 
entirely. Therefore, the power potential of the wind is its 

kinetic energy, which is V / 2 per unit mass, and mV / 2 
for a given mass flow rate: 


e 


mech 



(8 m/s) 2 
2 


' lkJ/kg ^ 
v 1000 m 2 /s 2 , 


= 0.032 kJ/kg 


Wind 

> 

8 m/s 

> 

> 

> 


HD 


m = pVA = pV = (1.25 kg/nr )(8 m/s) 


3wo tf(lOOm)' 


= 78,540 kg/s 



Wjnax = ^mech = ,7 '^mech = (78,540 kg/s)(0.032 kJ/kg) = 2513 kW 
The actual electric power generation is determined from 

Select = 7/wind tuAhe^nm = (0.32)(2513 kW)= 804.2KW 

Then the amount of electricity generated per day and its monetary value become 

Amount of electricity = (Wind power)(Operating hours)=(804.2 kW)(24 h) =19,300 kWh 

Revenues = (Amount of electricity) (Unit price) = (19,300 kWh)($0. 09/kWh) = $1737 (per day) 

Discussion Note that a single wind turbine can generate several thousand dollars worth of electricity every day at a 
reasonable cost, which explains the overwhelming popularity of wind turbines in recent years. 


2-70 The available head of a hydraulic turbine and its overall efficiency are given. The electric power output of this turbine 
is to be determined. 


Assumptions 1 The flow is steady and incompressible. 2 The 
elevation of the reservoir remains constant. 

Properties We take the density of water to be p = 1000 kg/m . 

Analysis The total mechanical energy the water in a reservoir 
possesses is equivalent to the potential energy of water at the free 
surface, and it can be converted to work entirely. Therefore, the 
power potential of water is its potential energy, which is gz per 
unit mass, and rhgz for a given mass flow rate. Therefore, the 

actual power produced by the turbine can be expressed as 


^turbine *1 tu rb in turbine "H turbine/ 7 ^^turbine 


Substituting, 



^tuibme = (0.91)(1000 kg/m 3 )(0.25 m 3 /s)(9.81 m/s 2 )(85 m) 


f IN ) 

f lkW ^ 

v lkg-m/s 2 y 

y 1000 N- m/s J 


= 190kW 


Discussion Note that the power output of a hydraulic turbine is proportional to the available elevation difference (turbine 
head) and the flow rate. 
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2-71E A water pump raises the pressure of water by a specified amount at a specified flow rate while consuming a known 
amount of electric power. The mechanical efficiency of the pump is to be determined. 

Assumptions 1 The pump operates steadily. 2 The changes in velocity and elevation across the pump are negligible. 3 
Water is incompressible. 

Analysis To determine the mechanical efficiency of the pump, we need to know the increase in the mechanical energy of the 
fluid as it flows through the pump, which is 


^^^mecl^fluid ^(^mech,out ^mech,in ) 

= m[(Pi/) 2 -(Pv) i] 

= m(P 2 ~ P\ )v 
= 0{P 2 -P x ) 

= (15 1 3 /s)(l .2 psi) ^ tU — - 

^ 5.404 psi -ft 3 

= 3.33Btu/s = 4.71hp 


A P= 1.2 psi 


6 hp 


PUMP 


Pump 

inlet 


since 1 hp = 0.7068 Btu/s, m = pV = (// c/ , and there is no change in kinetic and potential energies of the fluid. Then the 
mechanical efficiency of the pump becomes 


pump 


^^mech,fluid 4.7 lhp 

%ump, shaft 6 h P 


= 0.786 or 78.6% 


Discussion The overall efficiency of this pump will be lower than 83.8% because of the inefficiency of the electric motor 
that drives the pump. 
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2-72 Water is pumped from a lower reservoir to a higher reservoir at a specified rate. For a specified shaft power input, the 
power that is converted to thermal energy is to be determined. 


Assumptions 1 The pump operates steadily. 2 The 
elevations of the reservoirs remain constant. 3 The changes 
in kinetic energy are negligible. 

Properties We take the density of water to be p = 1000 
kg/m 3 . 

Analysis The elevation of water and thus its potential 
energy changes during pumping, but it experiences no 
changes in its velocity and pressure. Therefore, the change 
in the total mechanical energy of water is equal to the 
change in its potential energy, which is gz per unit mass, 
and mgz for a given mass flow rate. That is, 




A^mech ='” Ae mech = mApe = mgAz = pVgAz, 


= (1000 kg/m 3 )(0.03 m 3 /s)(9.81 m/s 2 )(45 m) 


f IN 

f lkW 

J kg- m/s 2 . 

V 1000 N- m/s J 


= 13.2 kW 


Then the mechanical power lost because of frictional effects becomes 
=^punp,n-A£ nKch = 20-13.2kW = 6.8kW 


Discussion The 6.8 kW of power is used to overcome the friction in the piping system. The effect of frictional losses in a 
pump is always to convert mechanical energy to an equivalent amount of thermal energy, which results in a slight rise in 
fluid temperature. Note that this pumping process could be accomplished by a 13.2 kW pump (rather than 20 kW) if there 
were no frictional losses in the system. In this ideal case, the pump would function as a turbine when the water is allowed to 
flow from the upper reservoir to the lower reservoir and extract 13.2 kW of power from the water. 


2-73 The mass flow rate of water through the hydraulic turbines of a dam is to be determined. 
Analysis The mass flow rate is determined from 


W = mg(z 2 ~Z\) >rh = 


W 


100,000 kJ/s 


8(Zl Zl) (9.8 m/s 2 )(206 - 0) iri 


lkJ/kg 


= 49,500kg/s 


1000 m 2 /s 2 
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2-74 A pump is pumping oil at a specified rate. The pressure rise of oil in the pump is measured, and the motor efficiency is 
specified. The mechanical efficiency of the pump is to be determined. 

Assumptions 1 The flow is steady and incompressible. 2 The elevation difference across the pump is negligible. 

Properties The density of oil is given to be p = 860 kg/m . 

Analysis Then the total mechanical energy of a fluid is the sum of the potential, flow, and kinetic energies, and is expressed 

9 

per unit mass as £ niech = gh + Pv + V 12 . To determine the mechanical efficiency of the pump, we need to know the 
increase in the mechanical energy of the fluid as it flows through the pump, which is 


: mech, fluid = ™Omech,out “ ^mechfln )=m(Pv) 2 +— (Pv) x 



Pi)+p 



since m = p{/ = V/v , and there is no change in the potential energy 
of the fluid. Also, 


44 kW 


Vi = 


V V 0.1 nr/s 

A x nD\ / 4 ;r(0.08m) 2 /4 


= 19.9 m/s 


PUMP 


V 7 = — = 8.84 m/s 

A 2 nD\l 4 ^(0. 12m) 2 / 4 

Substituting, the useful pumping power is determined to be 


0.1m /s 


A 2 kD\!4 ^(0. 12m) 2 / 4 


f 

\ 

Motor 





Pump 


inlet 


^pump,u ^^mech,fluid 


© 


3 (8.84 m/s) - (19.9 m/s)' 


= (0.1m /s) 500kN/m + (860 kg/m )— — 

2 

V 

= 36.3kW 

Then the shaft power and the mechanical efficiency of the pump become 
W pump , shaft -77i TO torWelectdc - (0.90)(44 kW) = 39.6 kW 


lkN 


1000 kg- m/s 2 I UkN-m/s 


lkW 


pump 


pump,u 


pump, shaft 


36.3 kW 
39.6kW 


= 0.918 = 91 . 8 % 


Discussion The overall efficiency of this pump/motor unit is the product of the mechanical and motor efficiencies, which is 
0.9x0.918 = 0.826. 
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2-1 SC Energy conversion pollutes the soil, the water, and the air, and the environmental pollution is a serious threat to 
vegetation, wild life, and human health. The emissions emitted during the combustion of fossil fuels are responsible for 
smog, acid rain, and global warming and climate change. The primary chemicals that pollute the air are hydrocarbons (HC, 
also referred to as volatile organic compounds, VOC), nitrogen oxides (NOx), and carbon monoxide (CO). The primary 
source of these pollutants is the motor vehicles. 


2-76C Fossil fuels include small amounts of sulfur. The sulfur in the fuel reacts with oxygen to form sulfur dioxide (S0 2 ), 
which is an air pollutant. The sulfur oxides and nitric oxides react with water vapor and other chemicals high in the 
atmosphere in the presence of sunlight to form sulfuric and nitric acids. The acids formed usually dissolve in the suspended 
water droplets in clouds or fog. These acid-laden droplets are washed from the air on to the soil by rain or snow. This is 
known as acid rain. It is called “rain” since it comes down with rain droplets. 

As a result of acid rain, many lakes and rivers in industrial areas have become too acidic for fish to grow. Forests in 
those areas also experience a slow death due to absorbing the acids through their leaves, needles, and roots. Even marble 
structures deteriorate due to acid rain. 


2-77C Carbon monoxide, which is a colorless, odorless, poisonous gas that deprives the body's organs from getting enough 
oxygen by binding with the red blood cells that would otherwise carry oxygen. At low levels, carbon monoxide decreases the 
amount of oxygen supplied to the brain and other organs and muscles, slows body reactions and reflexes, and impairs 
judgment. It poses a serious threat to people with heart disease because of the fragile condition of the circulatory system and 
to fetuses because of the oxygen needs of the developing brain. At high levels, it can be fatal, as evidenced by numerous 
deaths caused by cars that are warmed up in closed garages or by exhaust gases leaking into the cars. 


2-78C Carbon dioxide (C0 2 ), water vapor, and trace amounts of some other gases such as methane and nitrogen oxides act 
like a blanket and keep the earth warm at night by blocking the heat radiated from the earth. This is known as the 
greenhouse effect. The greenhouse effect makes life on earth possible by keeping the earth warm. But excessive amounts of 
these gases disturb the delicate balance by trapping too much energy, which causes the average temperature of the earth to 
rise and the climate at some localities to change. These undesirable consequences of the greenhouse effect are referred to as 
global warming or global climate change. The greenhouse effect can be reduced by reducing the net production of C0 2 by 
consuming less energy (for example, by buying energy efficient cars and appliances) and planting trees. 


2-79C Smog is the brown haze that builds up in a large stagnant air mass, and hangs over populated areas on calm hot 
summer days. Smog is made up mostly of ground-level ozone (0 3 ), but it also contains numerous other chemicals, including 
carbon monoxide (CO), particulate matter such as soot and dust, volatile organic compounds (VOC) such as benzene, 
butane, and other hydrocarbons. Ground-level ozone is formed when hydrocarbons and nitrogen oxides react in the 
presence of sunlight in hot calm days. Ozone irritates eyes and damage the air sacs in the lungs where oxygen and carbon 
dioxide are exchanged, causing eventual hardening of this soft and spongy tissue. It also causes shortness of breath, 
wheezing, fatigue, headaches, nausea, and aggravate respiratory problems such as asthma. 
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2-80E A person trades in his Ford Taurus for a Ford Explorer. The extra amount of C0 2 emitted by the Explorer within 5 
years is to be determined. 

Assumptions The Explorer is assumed to use 850 gallons of gasoline a year compared to 650 gallons for Taurus. 
Analysis The extra amount of gasoline the Explorer will use within 5 years is 
Extra Gasoline = (Extra per year)(No. of years) 

= (850 - 650 gal/yr)(5 yr) 

= 1000 gal 

Extra C0 2 produced = (Extra gallons of gasoline used)(C0 2 emission per gallon) 

= (1000 gal)(19.7 lbm/gal) 

= 19,700 Ibm C0 2 

Discussion Note that the car we choose to drive has a significant effect on the amount of greenhouse gases produced. 


2-81E A household uses fuel oil for heating, and electricity for other energy needs. Now the household reduces its energy 
use by 15%. The reduction in the C0 2 production this household is responsible for is to be determined. 

Properties The amount of C0 2 produced is 1.54 lbm per kWh and 26.4 lbm per gallon of fuel oil (given). 

Analysis Noting that this household consumes 14,000 kWh of electricity and 900 gallons of fuel oil per year, the amount of 
C0 2 production this household is responsible for is 

Amount of C0 2 produced = (Amount of electricity consumed)( Amount of C0 2 per kWh) 

+ (Amount of fuel oil consumed)( Amount of C0 2 per gallon) 

= (14,000 kWh/yr)(1.54 lbm/kWh)+ (900 gal/yr)(26.4 lbm/gal) 

= 45,320 C0 2 lbm/year 

Then reducing the electricity and fuel oil usage by 15% will reduce the annual amount of C0 2 production by this household 
by 

Reduction inC0 2 produced = (0.15)(Current amount of C0 2 production) 

= (0.15)(45,320 C0 2 kg/year) 

= 6798 C0 2 lbm/year 

Therefore, any measure that saves energy also reduces the amount of pollution emitted to the environment. 
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2-82 A power plant that burns natural gas produces 0.59 kg of carbon dioxide (C0 2 ) per kWh. The amount of C0 2 
production that is due to the refrigerators in a city is to be determined. 

Assumptions The city uses electricity produced by a natural gas power plant. 

Properties 0.59 kg of C0 2 is produced per kWh of electricity generated (given). 

Analysis Noting that there are 300,000 households in the city and each household consumes 700 kWh of electricity for 
refrigeration, the total amount of C0 2 produced is 

Amount of C0 2 produced = (Amount of electricity consumed)(Amount of C0 2 per kWh) 

= (300,000 household)(700 kWh/year household)(0.59 kg/kWh) 

= 1.23xl0 8 CO, kg/year 

= 123,000 C0 2 ton/year 

Therefore, the refrigerators in this city are responsible for the production of 123,000 tons of C0 2 . 


2-83 A power plant that burns coal, produces 1.1 kg of carbon dioxide (C0 2 ) per kWh. The amount of C0 2 production that 
is due to the refrigerators in a city is to be determined. 

Assumptions The city uses electricity produced by a coal power plant. 

Properties 1.1 kg of C0 2 is produced per kWh of electricity generated (given). 

Analysis Noting that there are 300,000 households in the city and each 
household consumes 700 kWh of electricity for refrigeration, the total amount 
of C0 2 produced is 

Amount of C0 2 produced = (Amount of electricity consumed)( Amount of C0 2 per kWh) 

= (300,000 household)(700 kWh/household)(l . 1 kg/kWh) 

= 2.31 x 10 8 C0 2 kg/year 

= 231,000 C0 2 ton/year 

Therefore, the refrigerators in this city are responsible for the production of 23 1 ,000 tons of C0 2 . 
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2-84 A household has 2 cars, a natural gas furnace for heating, and uses electricity for other energy needs. The annual 
amount of NO x emission to the atmosphere this household is responsible for is to be determined. 


2-37 


Properties The amount of NO x produced is 7.1 g per kWh, 4.3 g 
per therm of natural gas, and 1 1 kg per car (given). 

Analysis Noting that this household has 2 cars, consumes 1200 
therms of natural gas, and 9,000 kWh of electricity per year, the 
amount of NO x production this household is responsible for is 



Amount of NO x produced = (No. of cars)(Amount of NO x produced per car) 

+ (Amount of electricity consumed)( Amount of NO x per kWh) 
+ (Amount of gas consumed)( Amount of NO x per gallon) 

- (2 cars)(l 1 kg/car) + (9000 kWh/yr)(0. 007 1 kg/kWh) 

+ (1200 therm s/yr)(0. 0043 kg/therm) 

= 91.06 NO x kg/year 


Discussion Any measure that saves energy will also reduce the amount of pollution emitted to the atmosphere. 


Special Topic: Mechanisms of Heat Transfer 


2-85C The three mechanisms of heat transfer are conduction, convection, and radiation. 


2-86C Diamond has a higher thermal conductivity than silver, and thus diamond is a better conductor of heat. 


2-87C In forced convection, the fluid is forced to move by external means such as a fan, pump, or the wind. The fluid 
motion in natural convection is due to buoyancy effects only. 


2-88C A blackbody is an idealized body that emits the maximum amount of radiation at a given temperature, and that 
absorbs all the radiation incident on it. Real bodies emit and absorb less radiation than a blackbody at the same temperature. 


2-89C Emissivity is the ratio of the radiation emitted by a surface to the radiation emitted by a blackbody at the same 
temperature. Absorptivity is the fraction of radiation incident on a surface that is absorbed by the surface. The Kirchhoff s 
law of radiation states that the emissivity and the absorptivity of a surface are equal at the same temperature and wavelength. 


2-90C No. It is purely by radiation. 
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2-91 The inner and outer surfaces of a brick wall are maintained at specified temperatures. The rate of heat transfer through 
the wall is to be determined. 

Assumptions 1 Steady operating conditions exist since the surface 
temperatures of the wall remain constant at the specified values. 2 Thermal 
properties of the wall are constant. 


Properties The thermal conductivity of the wall is given to be k = 0.69 W/m-° 
C. 

Analysis Under steady conditions, the rate of heat transfer through the wall is 

Gcond = kA — = (0.69 W/m- °C)(5 x 6 m 2 ) (2Q ~ 5) ° C = 1 035 W 
L 0.3 m 


Brick 

wall 


30 cm 


r 

20°C 




2-92 The inner and outer surfaces of a window glass are maintained at specified temperatures. The amount of heat 
transferred through the glass in 5 h is to be determined. 


Assumptions 1 Steady operating conditions exist since the surface temperatures of the glass remain constant at the specified 
values. 2 Thermal properties of the glass are constant. 


Properties The thermal conductivity of the glass is given to be k = 0.78 W/m-°C. 

Analysis Under steady conditions, the rate of heat transfer through the glass by conduction is 


Q 


cond 


AT fl 5 — 6I°C 

= kA = (0.78 W/m - °C)(2 x 2 m 2 )- — = 5616 W 


L 


0.005 m 


Then the amount of heat transferred over a period of 10 h becomes 

Q = Q cond At = (5.616 kJ/sX10 x 3600s) = 202,200kJ 

If the thickness of the glass is doubled to 1 cm, then the amount of heat transferred will 
go down by half to 1 01 ,1 00 kJ. 


15°C 


Glass 



6°C 


0.5 cm 
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2-93 Reconsider Prob. 2-92. Using EES (or other) software, investigate the effect of glass thickness on heat loss for 

the specified glass surface temperatures. Let the glass thickness vary from 0.2 cm to 2 cm. Plot the heat loss versus the glass 
thickness, and discuss the results. 


Analysis The problem is solved using EES, and the solution is given below. 


FUNCTION klookup(material$) 

If material$='Glass' then klookup:=0.78 
If material$='Brick' then klookup:=0.72 
If material$='Fiber Glass' then klookup:=0.043 
If material$='Air' then klookup:=0.026 
If material$='Wood(oak)' then klookup:=0.17 

END 

L=2 [m] 

W=2 [m] 

material$='Glass' 

T_in=15 [C] 

T_out=6 [C] 
k=0.78 [W/m-C] 
t=1 0 [hr] 

thickness=0.5 [cm] 

A=L*W 

Q_dot_loss=A*k*(T_in-T_out)/(thickness*convert(cm,m)) 

Q_loss_total=Q_dot_loss*t*convert(hr,s)*convert(J,kJ) 


Thickness 

[cm] 

Qloss,total 

[kJ 

0.2 

505440 

0.4 

252720 

0.6 

168480 

0.8 

126360 

1 

101088 

1.2 

84240 

1.4 

72206 

1.6 

63180 

1.8 

56160 

2 

50544 
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2-94 Heat is transferred steadily to boiling water in the pan through its bottom. The inner surface temperature of the 
bottom of the pan is given. The temperature of the outer surface is to be determined. 

Assumptions 1 Steady operating conditions exist since the surface temperatures of the pan remain constant at the specified 
values. 2 Thermal properties of the aluminum pan are constant. 


Properties The thermal conductivity of the aluminum is given to be k = 237 W/m-°C. 
Analysis The heat transfer surface area is 


A = nr 2 - 7i( 0.1 m) 2 = 0.0314 m 2 

Under steady conditions, the rate of heat transfer through the bottom of the pan 
by conduction is 


= M^— 5- 


L 


L 


Substituting, 






/■] 

)5°C 






700 W 

0.6 cm 


T — 105°C 

700W = (237 W/m- °C)(0. 0314m 2 ) 

0.006m 


which gives 

T 2 = 105.6°C 


2-95 The inner and outer glasses of a double pane window with a 1-cm air space are at specified temperatures. The rate of 
heat transfer through the window is to be determined. 


Assumptions 1 Steady operating conditions exist since the surface temperatures 
of the glass remain constant at the specified values. 2 Heat transfer through the 
window is one-dimensional. 3 Thermal properties of the air are constant. 4 The 
air trapped between the two glasses is still, and thus heat transfer is by 
conduction only. 

Properties The thermal conductivity of air at room temperature is k = 0.026 
W/m.°C (Table 2-3). 

Analysis Under steady conditions, the rate of heat transfer through the window 
by conduction is 



Q-cond 



= (0.026 W/m° C)(2 x 2 m 2 ) 


(18-6)°C 

0.01m 


1 25 W 


0.125kW 
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2-96 Two surfaces of a flat plate are maintained at specified temperatures, and the rate of heat transfer through the plate is 
measured. The thermal conductivity of the plate material is to be determined. 


Assumptions 1 Steady operating conditions exist since the surface 
temperatures of the plate remain constant at the specified values. 2 Heat 
transfer through the plate is one-dimensional. 3 Thermal properties of the 
plate are constant. 

Analysis The thermal conductivity is determined directly from the steady 
one-dimensional heat conduction relation to be 


Q = kA 


t x -t 2 

L 


k = 


( Q/A)L (500 W/m 2 )(0.02 m) 


T x -T 2 


(100-0)°C 


= 0.1 W/m.°C 


100 ° 



o°c 


2-97 Hot air is blown over a flat surface at a specified temperature. The rate of heat transfer from the air to the plate is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation 
is not considered. 3 The convection heat transfer coefficient is constant and 
uniform over the surface. 

Analysis Under steady conditions, the rate of heat transfer by convection is 

Gconv = hAAT 

= (55 W/m 2 • °C)(2 x 4 m 2 )(80 - 30)°C 

= 22,000 W = 22 kW 



80°C 

Air 


30°C 


2-98 A person is standing in a room at a specified temperature. The rate of heat 
transfer between a person and the surrounding air by convection is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation is 
not considered. 3 The environment is at a uniform temperature. 

Analysis The heat transfer surface area of the person is 

A = nDL = ;r(0.3 m)(1.75 m) = 1.649 m 2 

Under steady conditions, the rate of heat transfer by convection is 

Qconv = hAAT = (10 w/m 2 • °C)( 1.649 m 2 )(34 - 20)°C = 231 W 
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2-99 A spherical ball whose surface is maintained at a temperature of 1 10°C is suspended in the middle of a room at 20°C. 
The total rate of heat transfer from the ball is to be determined. 


Assumptions 1 Steady operating conditions exist since the ball surface and 
the surrounding air and surfaces remain at constant temperatures. 2 The 
thermal properties of the ball and the convection heat transfer coefficient are 
constant and uniform. 

Properties The emissivity of the ball surface is given to be 8 = 0.8. 

Analysis The heat transfer surface area is 

A = nD 2 = n{ 0.09 m) 2 = 0.02545 m 2 

Under steady conditions, the rates of convection and radiation heat transfer are 

Q conv =hAAT = (15 W/m 2 -° 0(0.02545 m 2 )(l 10 -20)°C = 34.35 W 
Q ad = soA(T 4 -T 4 ) = 0.8(0.02545 m 2 )(5.67 xlO' 8 W/m 2 • K 4 )[(383 K) 4 

Therefore, 

Gtotal = Gconv + Grad = 34.35 + 16.33 =50.7 W 



(293 K) 4 ] = 16.33 W 
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2-100 mmt Reconsider Prob. 2-99. Using EES (or other) software, investigate the effect of the convection heat transfer 
coefficient and surface emissivity on the heat transfer rate from the ball. Let the heat transfer coefficient vary from 5 

2 2 

W/m“.°C to 30 W/m“.°C. Plot the rate of heat transfer against the convection heat transfer coefficient for the surface 
emissivities of 0.1, 0.5, 0.8, and 1, and discuss the results. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

D=0.09 [m] 

T_s=ConvertTemp(C,K,110) 
T_f=ConvertTemp(C,K,20) 
h=15 [W/m A 2-C] 
epsilon=0.8 

"Properties" 

sigma=5.67E-8 [W/m A 2-KM] 

"Analysis" 

A=pi*D A 2 

Q_d ot_co n v= h * A* (T_s-T_f ) 
Q_dot_rad=epsilon*sigma*A*(T_s A 4-T_f A 4) 
Q dot total=Q dot conv+Q dot rad 


h 

[W/m 2 -C] 

Q total 

[W] 

5 

27.8 

7.5 

33.53 

10 

39.25 

12.5 

44.98 

15 

50.7 

17.5 

56.43 

20 

62.16 

22.5 

67.88 

25 

73.61 

27.5 

79.33 

30 

85.06 
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2-101 A 1000-W iron is left on the iron board with its base exposed to the air at 23°C. The temperature of the base of the 
iron is to be determined in steady operation. 


Assumptions 1 Steady operating conditions exist. 2 The thermal 
properties of the iron base and the convection heat transfer coefficient 
are constant and uniform. 3 The temperature of the surrounding surfaces 
is the same as the temperature of the surrounding air. 

Properties The emissivity of the base surface is given to be 0.4. 

Analysis At steady conditions, the 1000 W of energy supplied to the iron 
will be dissipated to the surroundings by convection and radiation heat 
transfer. Therefore, 

Gotal = Gonv + Gad = 1000 W 


where 


Iron 



G CO nv = hAAr = (20 W/m 2 • K)(0.02 m 2 )(T S - 296 K) = 0.4(7; - 296 K) W 

Q ad = saA(T 4 - T 0 4 ) = 0.4(0.02m 2 )(5.67 x 1(T 8 W/m 2 ■ K 4 )[T S 4 - (296 K) 4 ] 
= 0.04536 x10“ 8 [T/ -(296 K) 4 ]W 


Substituting, 

1000 W = 0.4(7; - 296 K) + 0.04536 x 10 8 [T s 4 - (296K) 4 ] 


Solving by trial and error gives 
T s =1106K = 833°C 


Discussion We note that the iron will dissipate all the energy it receives by convection and radiation when its surface 
temperature reaches 1 106 K. 


2-102 A hot water pipe at 80°C is losing heat to the surrounding air at 5°C by natural convection with a heat transfer 
coefficient of 25 W/ m .°C. The rate of heat loss from the pipe by convection is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat 
transfer by radiation is not considered. 3 The convection heat 
transfer coefficient is constant and uniform over the surface. 

Analysis The heat transfer surface area is 

A = (ttD)L = 7r(0.01 m)(18 m) = 3.958 m 2 

Under steady conditions, the rate of heat transfer by convection is 

G conv = hAAT = (25 W/m 2 • °C)(3.958 m 2 )(80 - 5)°C = 7422 W = 7.42 kW 



L = 18m 


80°C 


D = 7 cm 

: ^ 




Q 


Air, 5°C 
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2-103 The backside of the thin metal plate is insulated and the front side is exposed to solar radiation. The surface 
temperature of the plate is to be determined when it stabilizes. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the insulated side of the plate is negligible. 3 The 
heat transfer coefficient is constant and uniform over the plate. 4 Heat loss by radiation is negligible. 

Properties The solar absorptivity of the plate is given to be a = 0.8. 

Analysis When the heat loss from the plate by convection equals the solar 
radiation absorbed, the surface temperature of the plate can be determined from 

Ssolambsorbed — Qconv 

«2solar = ~ T o) 

0.8 x A x 450 W/m 2 = (50 W/m 2 • °C )A(T S - 25) 

Canceling the surface area A and solving for T s gives 

r, =32.2°C 



a = 0.8 
25°C 
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2-104 



Reconsider Prob. 2-103. Using EES (or other) software, investigate the effect of the convection heat transfer 


coefficient on the surface temperature of the plate. Let the heat transfer coefficient vary from 10 W/m ,°C to 90 W/m ,°C. 
Plot the surface temperature against the convection heat transfer coefficient, and discuss the results. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

alpha=0.8 

q_dot_solar=450 [W/m A 2] 

T_f=25 [C] 
h=50 [W/m A 2-C] 

"Analysis" 

q_dot_solarabsorbed=alpha*q_dot_solar 

q_dot_conv=h*(T_s-T_f) 

q_dot_solarabsorbed=q_dot_conv 


h 

[W/m 2 -C] 

T s 

[C] 

10 

61 

15 

49 

20 

43 

25 

39.4 

30 

37 

35 

35.29 

40 

34 

45 

33 

50 

32.2 

55 

31.55 

60 

31 

65 

30.54 

70 

30.14 

75 

29.8 

80 

29.5 

85 

29.24 

90 

29 



PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


2-47 


2-105 A spacecraft in space absorbs solar radiation while losing heat to deep space by thermal radiation. The surface 
temperature of the spacecraft is to be determined when steady conditions are reached.. 

Assumptions 1 Steady operating conditions exist since the surface temperatures of the wall remain constant at the specified 
values. 2 Thermal properties of the spacecraft are constant. 

Properties The outer surface of a spacecraft has an emissivity of 0.6 and an absorptivity of 0.2. 

Analysis When the heat loss from the outer surface of the spacecraft by 
radiation equals the solar radiation absorbed, the surface temperature can 
be determined from 

^solarab sorbed — ^rad 

«Gsoiar = eaA(T* - r 4 ace ) 

0.2 x A x (1000 W/m 2 ) = 0.6x. A x (5.67 x 10~ 8 W/m 2 • K 4 )[T S 4 - (0 K) 4 ] 

Canceling the surface area A and solving for T s gives 

T s = 276.9K 
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2-106 ““ Reconsider Prob. 2-105. Using EES (or other) software, investigate the effect of the surface emissivity and 
absorptivity of the spacecraft on the equilibrium surface temperature. Plot the surface temperature against emissivity for 
solar absorptivities of 0.1, 0.5, 0.8, and 1, and discuss the results. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

epsilon=0.2 

alpha=0.6 

q_dot_solar=1000 [W/m A 2] 

T_f=0 [K] "space temperature" 

"Properties" 

sigma=5.67E-8 [W/m A 2-KM] 

"Analysis" 

q_dot_solarabsorbed=alpha*q_dot_solar 

q_dot_rad=epsilon*sigma*(T_s A 4-T_f A 4) 

q_dot_solarabsorbed=q_dot_rad 


8 

T s 

[K] 

0.1 

648 

0.2 

544.9 

0.3 

492.4 

0.4 

458.2 

0.5 

433.4 

0.6 

414.1 

0.7 

398.4 

0.8 

385.3 

0.9 

374.1 

1 

364.4 


Table for s = 1 
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2-107 A hollow spherical iron container is filled with iced water at 0°C. The rate of heat loss from the sphere and the rate 
at which ice melts in the container are to be determined. 

Assumptions 1 Steady operating conditions exist since the surface temperatures of the wall remain constant at the specified 
values. 2 Heat transfer through the shell is one-dimensional. 3 Thermal properties of the iron shell are constant. 4 The inner 
surface of the shell is at the same temperature as the iced water, 0°C. 

Properties The thermal conductivity of iron is k = 80.2 W/m-°C (Table 2-3). The heat of fusion of water is at 1 atm is 333.7 
kJ/kg. 

Analysis This spherical shell can be approximated as a 
plate of thickness 0.4 cm and surface area 

A = kD 1 = 7t( 0.4 m) 2 = 0.5027 m 2 

Then the rate of heat transfer through the shell by conduction is 

AT (3 — 0)°C 

Qcond = kA = (80.2 W/m- °C)(0.5027 m 2 ) — = 30,235 W 

cond L 0.004 m 



Considering that it takes 333.7 kJ of energy to melt 1 kg of ice at 0°C, the rate at which ice melts in the container can be 
determined from 


™ice = 


Q 


k: 


if 


30.235 kJ/s 
333.7 kJ/kg 


0.0906kg/s 


Discussion We should point out that this result is slightly in error for approximating a curved wall as a plain wall. The error 
in this case is very small because of the large diameter to thickness ratio. For better accuracy, we could use the inner surface 
area (Z) = 39.2 cm) or the mean surface area ( D = 39.6 cm) in the calculations. 
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Review Problems 

2-108 The weight of the cabin of an elevator is balanced by a counterweight. The power needed when the fully loaded cabin 
is rising, and when the empty cabin is descending at a constant speed are to be determined. 

Assumptions 1 The weight of the cables is negligible. 2 The guide rails and pulleys are frictionless. 3 Air drag is negligible. 

Analysis ( a ) When the cabin is fully loaded, half of the weight is balanced by the counterweight. The power required to 
raise the cabin at a constant speed of 1.2 m/s is 

mzz o ( 1 N Y 1 kW ^ 

W = — = mgV =(400kg)(9.81m/s 2 )(1.2m/s) =4.71kW 

At ^1 kg • m/s 2 J^IOOO N -m/s J 

If no counterweight is used, the mass would double to 800 kg and the power 
would be 2x4.71 = 9.42 kW. 

( b ) When the empty cabin is descending (and the counterweight is ascending) 
there is mass imbalance of 400-150 = 250 kg. The power required to raise this 
mass at a constant speed of 1.2 m/s is 

( , XT Y 11AU A Counter 

niQ7 -> IN 1 kW 

W = — = mgV =(250kg)(9.81m/s 2 )(1.2m/s) =2.94kW weight 

At ^ 1 kg • m/s Jy 1000 N • m/s y 

If a friction force of 800 N develops between the cabin and the guide rails, we will need 

W^tion = = ^Mction^ = ($00 N)(l.2 Hl/sf — 1 = 0.96 kW 

At \ 1000 N- m/s J 

of additional power to combat friction which always acts in the opposite direction to motion. Therefore, the total power 
needed in this case is 

W tot ai = W + M/ Wctlon = 2.94 + 0.96 = 3.90kW 



PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 





2-51 


2-109 A decision is to be made between a cheaper but inefficient natural gas heater and an expensive but efficient natural 
gas heater for a house. 

Assumptions The two heaters are comparable in all aspects other than the initial cost and efficiency. 

Analysis Other things being equal, the logical choice is the heater that will cost less during its lifetime. The total cost of a 
system during its lifetime (the initial, operation, maintenance, etc.) can be determined by performing a life cycle cost 
analysis. A simpler alternative is to determine the simple payback period. 

The annual heating cost is given to be $1200. Noting that the existing heater is 55% 
efficient, only 55% of that energy (and thus money) is delivered to the house, and the 
rest is wasted due to the inefficiency of the heater. Therefore, the monetary value of the 
heating load of the house is 

Cost of useful heat = (55%)(Current annual heating cost) 

= 0.55x($1200/yr)=$660/yr 

This is how much it would cost to heat this house with a heater that is 100% efficient. For heaters that 
are less efficient, the annual heating cost is determined by dividing $660 by the efficiency: 

82% heater: Annual cost of heating = (Cost of useful heat)/Efficiency = ($660/yr)/0.82 = $805/yr 

95% heater: Annual cost of heating = (Cost of useful heat)/Efficiency = ($660/yr)/0.95 = $695/yr 

Annual cost savings with the efficient heater = 805 - 695 = $110 

Excess initial cost of the efficient heater = 2700 - 1600 = $1100 

The simple payback period becomes 

t t , Excess initial cost $1100 . _ 

Simple payback period = = = 10 years 

Annaul cost savings $ 1 1 0 / yr 

Therefore, the more efficient heater will pay for the $1100 cost differential in this case in 10 years, which is more than the 8- 
year limit. Therefore, the purchase of the cheaper and less efficient heater is a better buy in this case. 
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2-110E The energy contents, unit costs, and typical conversion efficiencies of various energy sources for use in water 
heaters are given. The lowest cost energy source is to be determined. 

Assumptions The differences in installation costs of different water heaters are not considered. 

Properties The energy contents, unit costs, and typical conversion efficiencies of different systems are given in the problem 
statement. 

Analysis The unit cost of each Btu of useful energy supplied to the water heater by each system can be determined from 

T T . „ _ , Unit cost of energy supplied 

Unit cost or useful energy = : : 

Conversion efficiency 


Substituting, 


Natural gas heater. 


Unit cost of usefiil energy = 


$0.0 12/ft 


lft 


Heating by oil heater. Unit cost of usefiil energy = 


Electric heater. 


Unit cost of usefiil energy = 


0.85 

[ 1025 Btu J 

$2. 2/gal 

( lgal ] 

0.75 

^138,700Btu J 

$0.11 /kWh) f lkWh 


= $13.8x10 


-6 


= $21.1x10 


-6 


0.90 


3412 Btu 


= $35.8x10 


Therefore, the lowest cost energy source for hot water heaters in this case is natural gas. 


/Btu 


/Btu 
6 /Btu 


2-111 A home owner is considering three different heating systems for heating his house. The system with the lowest energy 
cost is to be determined. 

Assumptions The differences in installation costs of different heating systems are not considered. 

Properties The energy contents, unit costs, and typical conversion efficiencies of different systems are given in the problem 
statement. 

Analysis The unit cost of each Btu of useful energy supplied to the house by each system can be determined from 

T T . „ _ , Unit cost of energy supplied 

Unit cost of useful energy = : : 

Conversion efficiency 

Substituting, 

Natural gas heater. Unit cost of usefiil energy 

Heating oil heater. Unit cost of usefiil energy 

Electric heater. Unit cost of usefiil energy 

i . yj y aw j 

Therefore, the system with the lowest energy cost for heating the house is the natural gas heater. 


$ 1.24/therm 
0.87 


f 


1 therm 
105,500 kJ 


= $13.5x10 6 /kJ 


$2. 3/gal f lgal 


0.87 


138, 500 kJ 


= $19.1xl0~ 6 /kJ 


$0.1 2/kWh) | 


i n 


lkWh 


unnr t 


= $33.3xl0~ 6 /kJ 
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2-112 It is estimated that 570,000 barrels of oil would be saved per day if the thermostat setting in residences in winter were 
lowered by 6°F (3.3°C). The amount of money that would be saved per year is to be determined. 

Assumptions The average heating season is given to be 180 days, and the cost of oil to be $40/barrel. 

Analysis The amount of money that would be saved per year is determined directly from 

(570,000 barrel/day )(180 days/year)($l 10/barrel) = $1 1 ,290,0(0,000 

Therefore, the proposed measure will save more than 1 1 -billion dollars a year in energy costs. 


2-113 Caulking and weather- stripping doors and windows to reduce air leaks can reduce the energy use of a house by up to 
10 percent. The time it will take for the caulking and weather-stripping to pay for itself from the energy it saves is to be 
determined. 

Assumptions It is given that the annual energy usage of a house is $1 100 a year, and the cost of caulking and weather- 
stripping a house is $90. 

Analysis The amount of money that would be saved per year is determined directly from 
Money saved =($1100/ year)(0. 1 0) = $ 1 1 0 / yr 

Then the simple payback period becomes 

u 1 • J Cost $90 noAO 

Payback period = = = 0.81 8yr 

Money s aved $ 1 1 0/yr 

Therefore, the proposed measure will pay for itself in less than a year. 


2-114E The work required to compress a gas in a gas spring is to be determined. 

Assumptions All forces except that generated by the gas spring will be neglected. 

Analysis When the expression given in the problem statement is substituted into the work integral relation, and advantage is 
taken of the fact that the force and displacement vectors are collinear, the result is 

2 2 


W = J Fds = | 


Constant 


dx 


l 


l 




Constant { _ k 

(x 2 - x x ) 


1.4 r 


1 -k 
200 lbf • in 
1-1.4 

= 12.45 lbf -ft 


= (12.45 lbf • ft) 


(7 in) -0 ' 4 - (2 in) -0 ' 4 


It 


12in 


1 Btu 


778.169 lbf -ft 


= 0.0160Btu 




PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



2-115E A man pushes a block along a horizontal plane. The work required to move the block is to be determined 
considering (a) the man and (b) the block as the system. 

Analysis The work applied to the block to overcome the friction is found by using the work integral, 


2-54 


2 2 

W = j* Fds = J fW ( x 2 ~ x { ) 

l l 

= (0.2)(100 lbf)(100t) 

= 2000 lbf • ft 


= (20001bf -ft) 


f 


1 Btu 


y778.169 lbf -ft 


2.57Btu 


The man must then produce the amount of work 


W = 2.57 Btu 


fW 



► 



◄ 

1 

fW 

' 


w 


2-116 A diesel engine burning light diesel fuel that contains sulfur is considered. The rate of sulfur that ends up in the 
exhaust and the rate of sulfurous acid given off to the environment are to be determined. 

Assumptions 1 All of the sulfur in the fuel ends up in the exhaust. 2 For one kmol of sulfur in the exhaust, one kmol of 
sulfurous acid is added to the environment. 

Properties The molar mass of sulfur is 32 kg/kmol. 

Analysis The mass flow rates of fuel and the sulfur in the exhaust are 


m. 


'"fuel = 


air 


(336 kg air/h) 


= 18.67 kgfuel/h 


AF (1 8 kg air/kg liiel) 

7«Suffiir = (750xl0" 6 )7« &el = (ySOxlO^XlS^V kg/h) = 0.014 kg/h 
The rate of sulfurous acid given off to the environment is 


M 


m H2S03 


H2S03 


M 


m Sulfiir ~~ 


Sulfur 


2x1 + 32 + 3x16 
32 


(0.014 kg/h) = 0.036kg/h 


Discussion This problem shows why the sulfur percentage in diesel fuel must be below certain value to satisfy regulations. 


2-117 Lead is a very toxic engine emission. Leaded gasoline contains lead that ends up in the exhaust. The amount of lead 
put out to the atmosphere per year for a given city is to be determined. 

Assumptions Entire lead is exhausted to the environment. 

Analysis The gasoline consumption and the lead emission are 

Gasoline Consumption = (70,000 cars)( 15, 000 km/car - year)(8.5 L/100 km) = 8.925 x 10 7 L/year 
Lead Emission = (GaolineConsumption)ra lead / lead 

= (8.925 x 10 7 L/yearXO. 15 x 10 3 kg/L)(0.50) 

= 6694kg/year 

Discussion Note that a huge amounts of lead emission is avoided by the use of unleaded gasoline. 
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2-118 A TV set is kept on a specified number of hours per day. The cost of electricity this TV set consumes per month is to 
be determined. 

Assumptions 1 The month is 30 days. 2 The TV set consumes its rated power when on. 

Analysis The total number of hours the TV is on per month is 

Operating hours = (6 h/day)(30 days) = 180 h 

Then the amount of electricity consumed per month and its cost become 

Amount of electricity = (Power consumed)(Operating hours)=(0.120 kW)(180 h) =21.6 kWh 

Cost of electricity = (Amount of electricity)(Unit cost) = (21.6 kWh) ($0. 12/kWh) = $2.59 (per month) 

Properties Note that an ordinary TV consumes more electricity that a large light bulb, and there should be a conscious effort 
to turn it off when not in use to save energy. 


2-119E The power required to pump a specified rate of water to a specified elevation is to be determined. 
Properties The density of water is taken to be 62.4 lbm/ft (Table A-3E). 

Analysis The required power is determined from 


W = mg(z 2 - Zi ) = pVg(z 2 -Z 1 ) 


= (62.4 lbm/ft 3 )(200 gal/min) 


^ 35.315 ft 3 /s N 
15, 850 gal/min 


= 8342 lbf • ft/s = (8342 lbf • ft/s ) 


lkW 


737.56 lbf • ft/s 


(32.174 ft/s 2 )(300 ft) 


= 11.3kW 


1 lbf 


32.1741bm-ft/s 


2-120 The power that could be produced by a water wheel is to be determined. 
Properties The density of water is taken to be 1000 m /kg (Table A-3). 
Analysis The power production is determined from 


W = mg(z 2 -Z\) = pVg(z 2 -z t ) 


= (1000 kg/m 3 )(0. 320/60 m 3 /s)(9.81 m/s 2 )(14 m) 


1 kJ/kg 


2,2 


1000 m /s 


0.732kW 
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2-121 The flow of air through a flow channel is considered. The diameter of the wind channel downstream from the rotor 
and the power produced by the windmill are to be determined. 


Analysis The specific volume of the air is 


RT (0.287 kPa • nr /kg • K)(293 K) AO/inn 3/1 

i/ = = = 0.8409 m /kg 

P 100 kPa 

The diameter of the wind channel downstream from the rotor is 


Wi = W 2 


->(2zD 2 / 4)V| =(^D 2 2 / 4)V 2 




-7.77m 


The mass flow rate through the wind mill is 
A 1 V x n(J m) 2 (8 ml s) 


m — 


v 4(0.8409 m 3 /kg) 


-366.1 kg/s 



The power produced is then 


• V\ 

W = m — 



(366.1 kg/s) 


(8 m/s) 2 


- (6.5 m/s) 2 T lkJ/kg ' 
2 Vl000m 2 /s 2 y 


3.98kW 


2-122 The available head, flow rate, and efficiency of a hydroelectric turbine are given. The electric power output is to be 
determined. 

Assumptions 1 The flow is steady. 2 Water levels at the reservoir and the discharge site remain constant. 3 Frictional losses 
in piping are negligible. 

Properties We take the density of water to be p = 1000 kg/nr = 1 kg/L. 


Analysis The total mechanical energy the water in a dam 
possesses is equivalent to the potential energy of water at the 
free surface of the dam (relative to free surface of discharge 
water), and it can be converted to work entirely. Therefore, the 
power potential of water is its potential energy, which is gz per 
unit mass, and mgz for a given mass flow rate. 


^mech = P e = gz = (9.81 m/s 2 )(90 m) 


lkJ/kg 


1000 m 2 /s 2 


- 0.8829 kJ/kg 


The mass flow rate is 

m - pO = (1000 kg/m 3 )(65 m 3 /s) - 65,000 kg/s 
Then the maximum and actual electric power generation become 



^max =£mech = ^mech = (65,000 kg/s)(0. 8829 kJ/kg) 
^electric = '/overall^ = 0.84(57.39 MW) = 48.2 MW 


' 1 MW ^ 

V 


1000 kJ/s 


-57.39 MW 


Discussion Note that the power generation would increase by more than 1 MW for each percentage point improvement in 
the efficiency of the turbine-generator unit. 
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2-123 An entrepreneur is to build a large reservoir above the lake level, and pump water from the lake to the reservoir at 
night using cheap power, and let the water flow from the reservoir back to the lake during the day, producing power. The 
potential revenue this system can generate per year is to be determined. 

Assumptions 1 The flow in each direction is steady and incompressible. 2 The elevation difference between the lake and the 
reservoir can be taken to be constant, and the elevation change of reservoir during charging and discharging is disregarded. 3 
Frictional losses in piping are negligible. 4 The system operates every day of the year for 10 hours in each mode. 


Properties We take the density of water to be p = 1000 
kg/m 3 . 

Analysis The total mechanical energy of water in an upper 
reservoir relative to water in a lower reservoir is equivalent to 
the potential energy of water at the free surface of this 
reservoir relative to free surface of the lower reservoir. 
Therefore, the power potential of water is its potential energy, 
which is gz per unit mass, and rhgz for a given mass flow 

rate. This also represents the minimum power required to 
pump water from the lower reservoir to the higher reservoir. 



^max, turbine ^min, pump = ^ideai = A £ niech = mAe nKch = mApe = mgAz = pVgAz 


= ( 1000 kg/m 3 )(2 m 3 /s)(9. 8 1 m/s 2 )(40 m) 


f 1N 1 

f lkW 

v 1kg- m/s 2 . 

ylOOO N • m/s J 


= 784. 8 kW 


The actual pump and turbine electric powers are 


W, 


W, 


ideal 


784.8 kW 


pump, elect 


n 0 75 

/pump-motor 


= 1046 kW 


^turbine = 77turWgen^ideal = 0.75(784.8 kW)= 588.6 kW 


Then the power consumption cost of the pump, the revenue generated by the turbine, and the net income (revenue minus 
cost) per year become 

Cost = W pump elect At x Unit price = (1046 kW)(365 x 10 h/year)($0. 05/kWh) = $190, 968/year 


Revenue = W turbine Af x Unit price = (588.6 kW)(365 x 10 h/year)($0. 12/kWh) = $257, 807/year 

Net income = Revenue - Cost = 257,807 - 190,968 = $66, 839/year 

Discussion It appears that this pump -turbine system has a potential to generate net revenues of about $67,000 per year. A 
decision on such a system will depend on the initial cost of the system, its life, the operating and maintenance costs, the 
interest rate, and the length of the contract period, among other things. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



2-58 


2-124 The pump of a water distribution system is pumping water at a specified flow rate. The pressure rise of water in the 
pump is measured, and the motor efficiency is specified. The mechanical efficiency of the pump is to be determined. 


Assumptions 1 The flow is steady. 2 The elevation difference across the pump is 
negligible. 3 Water is incompressible. 

Analysis From the definition of motor efficiency, the mechanical (shaft) power 
delivered by the he motor is 

Wpunp.shaft = Nonelectric = (0.90X15 kW)= 13.5 kW 


To determine the mechanical efficiency of the pump, we need to know the increase 
in the mechanical energy of the fluid as it flows through the pump, which is 

A^mech, fluid = ^<>mech,out “ ^mech,in ) = ”i(Pv) 2 - (Pv) j ] = m(P 2 ~ P { )v = 0(P 2 ~ P { 


= (0.050 m7s)(300 - 100 kPa) 


lkJ 

1 kPa-m 3 


= 10 kJ/s = 10 kW 



since m = pi/ = i//v and there is no change in kinetic and potential energies of the fluid. Then the pump efficiency 
becomes 


*1 


pump 


A^mech, fluid 
^pump, shaft 


10 kW 
13.5 kW 


0.741 or 74 . 1 % 


Discussion The overall efficiency of this pump/motor unit is the product of the mechanical and motor efficiencies, which is 
0.9x0.741 =0.667. 
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Fundamentals of Engineering (FE) Exam Problems 
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2-125 In a hot summer day, the air in a well-sealed room is circulated by a 0.50-hp (shaft) fan driven by a 65% efficient 
motor. (Note that the motor delivers 0.50 hp of net shaft power to the fan). The rate of energy supply from the fan-motor 
assembly to the room is 

(a) 0.769 kJ/s (b) 0.325 kJ/s (c) 0.574 kJ/s (d) 0.373 kJ/s (e) 0.242 kJ/s 


Answer (c) 0.574 kJ/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Eff=0.65 

W_fan=0. 50*0. 7457 "kW" 

E=W_fan/Eff "kJ/s" 

"Some Wrong Solutions with Common Mistakes:" 

W1_E=W_fan*Eff "Multiplying by efficiency" 

W2_E=W_fan "Ignoring efficiency" 

W3_E=W_fan/Eff/0.7457 "Using hp instead of kW" 


• •• • 3 ... q 

2-126 A fan is to accelerate quiescent air to a velocity to 12 m/s at a rate of 3 m /min. If the density of air is 1.15 kg/m , the 
minimum power that must be supplied to the fan is 

(a) 248 W (b) 72 W (c) 497 W (d) 216 W (e) 162 W 


Answer (a) 248 W 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

rho=1.15 
V=1 2 

Vdot=3 "m3/s" 
mdot=rho*Vdot "kg/s" 

We=mdot*V A 2/2 

"Some Wrong Solutions with Common Mistakes:" 

W 1 _We=Vdot* V A 2/2 "Using volume flow rate" 

W2_We=mdot*V A 2 "forgetting the 2" 

W3_We=V A 2/2 "not using mass flow rate" 
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2-127 A 2-kW electric resistance heater in a room is turned on and kept on for 50 min. The amount of energy transferred to 
the room by the heater is 

(a) 2 kJ (b) 100 kJ (c) 3000 kJ (d) 6000 kJ (e) 12,000 kJ 


Answer (d) 6000 kJ 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

We= 2 M kJ/s" 
time=50*60 "s" 

We_total=We*time "kJ" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Etotal=We*time/60 "using minutes instead of s" 

W2_Etotal=We "ignoring time" 


2-128 A 900-kg car cruising at a constant speed of 60 km/h is to accelerate to 100 km/h in 4 s. The additional power needed 
to achieve this acceleration is 

(a) 56 kW (b) 222 kW (c) 2.5 kW (d) 62 kW (e) 90 kW 


Answer (a) 56 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

m=900 "kg" 

VI =60 "km/h" 

V2=100 "km/h" 

Dt=4 "s" 

Wa=m*((V2/3.6) A 2-(V1/3.6) A 2)/2000/Dt "kW" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Wa=((V2/3.6) A 2-(V1/3.6) A 2)/2/Dt "Not using mass" 

W2_Wa=m*((V2) A 2-(V1 ) A 2)/2000/Dt "Not using conversion factor" 

W3_Wa=m*((V2/3.6) A 2-(V1/3.6) A 2)/2000 "Not using time interval" 

W4_Wa=m*((V2/3.6)-(V1/3.6))/1000/Dt "Using velocities" 
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2-129 The elevator of a large building is to raise a net mass of 400 kg at a constant speed of 12 m/s using an electric motor. 
Minimum power rating of the motor should be 

(a) 0 kW (b) 4.8 kW (c) 47 kW (d) 12 kW (e) 36 kW 


Answer (c) 47 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

m=400 "kg" 

V=12 "m/s" 
g=9.81 "m/s2" 

Wg=m*g*V/1000 M kW M 

"Some Wrong Solutions with Common Mistakes:" 

W1_Wg=m*V "Not using g" 

W2_Wg=m*g*V A 2/2000 "Using kinetic energy" 

W3_Wg=m*g/V "Using wrong relation" 


2-130 Electric power is to be generated in a hydroelectric power plant that receives water at a rate of 70 m /s from an 
elevation of 65 m using a turbine-generator with an efficiency of 85 percent. When frictional losses in piping are 
disregarded, the electric power output of this plant is 

(a) 3.9 MW (b) 38 MW (c) 45 MW (d) 53 MW (e) 65 MW 


Answer (b) 38 MW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Vdot=70 "m3/s" 
z=65 "m" 
g=9.81 "m/s2" 

Eff=0.85 

rho=1000 "kg/m3" 

We=rho*Vdot*g*z*Eff/1 0 A 6 "MW" 

"Some Wrong Solutions with Common Mistakes:" 

W 1 _We=rho*Vdot*z*Eff/1 0 A 6 "Not using g" 

W2_We=rho*Vdot*g*z/Eff/1 0 A 6 "Dividing by efficiency" 

W3_We=rho*Vdot*g*z/10 A 6 "Not using efficiency" 
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2-131 Consider a refrigerator that consumes 320 W of electric power when it is running. If the refrigerator runs only one 
quarter of the time and the unit cost of electricity is $0.09/kWh, the electricity cost of this refrigerator per month (30 days) is 

(a) $3.56 (b) $5.18 (c) $8.54 (d) $9.28 (e) $20.74 


Answer (b) $5. 1 8 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

We=0.320 "kW" 

Hours=0.25*(24*30) "h/year" 
price=0.09 H $/kWh" 

Cost=We*hours*price 

"Some Wrong Solutions with Common Mistakes:" 

W1_cost= We*24*30*price "running continuously" 


2-132 A 2-kW pump is used to pump kerosene (p = 0.820 kg/L) from a tank on the ground to a tank at a higher elevation. 
Both tanks are open to the atmosphere, and the elevation difference between the free surfaces of the tanks is 30 m. The 
maximum volume flow rate of kerosene is 

(a) 8.3 L/s (b) 7.2 L/s (c) 6.8 L/s (d) 12.1 L/s (e) 17.8 L/s 


Answer (a) 8.3 L/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

W=2 "kW" 
rho=0.820 "kg/L" 
z=30 "m" 
g=9.81 "m/s2" 

W=rho*Vdot*g*z/1 000 

"Some Wrong Solutions with Common Mistakes:" 

W =W 1 _Vdot*g*z/1 000 "Not using density" 
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2-133 A glycerin pump is powered by a 5-kW electric motor. The pressure differential between the outlet and the inlet of the 
pump at full load is measured to be 21 1 kPa. If the flow rate through the pump is 18 L/s and the changes in elevation and the 
flow velocity across the pump are negligible, the overall efficiency of the pump is 


(a) 69% (b) 72% (c) 76% (d) 79% (e) 82% 

Answer (c) 76% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

We=5 "kW" 

Vdot= 0.018 "m3/s" 

DP=21 1 "kPa" 

Emech=Vdot*DP 

Emech=Eff*We 


2-134 A 75 hp (shaft) compressor in a facility that operates at full load for 2500 hours a year is powered by an electric motor 
that has an efficiency of 93 percent. If the unit cost of electricity is $0. 06/kWh, the annual electricity cost of this compressor 
is 

(a) $7802 (b) $9021 (c) $12,100 (d) $8389 (e) $10,460 


Answer (b) $9021 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Wcomp=75 M hp M 
Hours=2500 “h/year” 

Eff=0.93 

price=0.06 “$/kWh” 

We=Wcomp*0.7457*Hours/Eff 

Cost=We*price 

"Some Wrong Solutions with Common Mistakes:" 

W1_cost= Wcomp*0.7457*Hours*price*Eff “multiplying by efficiency” 

W2_cost= Wcomp*Hours*price/Eff “not using conversion” 

W3_cost= Wcomp*Hours*price*Eff “multiplying by efficiency and not using conversion” 

W4_cost= Wcomp*0.7457*Hours*price “Not using efficiency” 
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2-135 A 10-cm high and 20-cm wide circuit board houses on its surface 100 closely spaced chips, each generating heat at a 
rate of 0.08 W and transferring it by convection to the surrounding air at 25 °C. Heat transfer from the back surface of the 
board is negligible. If the convection heat transfer coefficient on the surface of the board is 10 W/nr.°C and radiation heat 
transfer is negligible, the average surface temperature of the chips is 

(a) 26°C (b) 45 °C (c) 15°C (d) 80°C (e) 65°C 


Answer (e) 65 °C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

A=0. 10*0.20 "m A 2" 

Q= 100*0.08 "W" 

Tair=25 "C" 
h=10 "W/m A 2.C" 

Q= h*A*(Ts-Tair) "W" 

"Some Wrong Solutions with Common Mistakes:" 

Q= h*(W1_Ts-Tair) "Not using area" 

Q= h*2*A*(W2_Ts-Tair) "Using both sides of surfaces" 

Q= h*A*(W3_Ts+Tair) "Adding temperatures instead of subtracting" 

Q/100= h*A*(W4_Ts-Tair) "Considering 1 chip only" 


2-136 A 50-cm-long, 0.2-cm-diameter electric resistance wire submerged in water is used to determine the boiling heat 
transfer coefficient in water at 1 atm experimentally. The surface temperature of the wire is measured to be 130°C when a 
wattmeter indicates the electric power consumption to be 4. 1 kW. Then the heat transfer coefficient is 

(a) 43,500 W/m 2 .°C (b) 137 W/m 2 .°C (c) 68,330 W/m 2 .°C (d) 10,038 W/m 2 .°C 

(e) 37,540 W/m 2 .°C 


Answer (a) 43,500 W/m 2 .°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

L=0.5 "m" 

D=0.002 "m" 

A=pi*D*L "m A 2" 

We=4.1 "kW" 

Ts=130 "C" 

Tf=1 00 "C (Boiling temperature of water at 1 atm)" 

We= h*A*(Ts-Tf) "W" 

"Some Wrong Solutions with Common Mistakes:" 

We= W1_h*(Ts-Tf) "Not using area" 

We= W2_h*(L*pi*D A 2/4)*(Ts-Tf) "Using volume instead of area" 

We= W3_h*A*Ts "Using Ts instead of temp difference" 
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2-137 A 3-m hot black surface at 80°C is losing heat to the surrounding air at 25 °C by convection with a convection heat 

transfer coefficient of 12 W/m“.°C, and by radiation to the surrounding surfaces at 15°C. The total rate of heat loss from the 

surface is 

(a) 1987 W (b) 2239 W (c) 2348 W (d) 3451 W (e)3811W 


Answer fd) 3451 W 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

sigma=5.67E-8 "W/m A 2.K A 4" 

eps=1 

A=3 "m A 2" 

h_conv=12 "W/m A 2.C" 

Ts=80 "C" 

Tf=25 "C" 

Tsurr=15 "C" 

Q_conv=h_conv*A*(Ts-Tf) "W" 

Q_rad=eps*sigma*A*((Ts+273) A 4-(Tsurr+273) A 4) "W" 

Q_total=Q_conv+Q_rad "W" 

"Some Wrong Solutions with Common Mistakes:" 

W1_QI=Q_conv "Ignoring radiation" 

W2_Q=Q_rad "ignoring convection" 

W3_Q=Q_conv+eps*sigma*A*(Ts A 4-Tsurr A 4) "Using C in radiation calculations" 

W4_Q=Q_total/A "not using area" 


2-138 Heat is transferred steadily through a 0.2-m thick 8 m by 4 m wall at a rate of 2.4 kW. The inner and outer surface 
temperatures of the wall are measured to be 15°C to 5°C. The average thermal conductivity of the wall is 

(a) 0.002 W/m.°C (b) 0.75 W/m.°C (c)1.0W/m.°C (d) 1.5 W/m.°C (e)3.0W/m.°C 


Answer (d) 1.5 W/m.°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

A=8*4 "m A 2" 

L=0.2 "m" 

T1=15 "C" 

T2=5 "C" 

Q=2400 "W" 

Q=k*A*(T 1 -T2)/L "W" 

"Some Wrong Solutions with Common Mistakes:" 

Q=W 1 _k*(T 1 -T 2)/L "Not using area" 

Q=W2_k*2*A*(T 1 -T2)/L "Using areas of both surfaces" 

Q=W3_k*A*(T1+T2)/L "Adding temperatures instead of subtracting" 

Q=W4_k*A*L*(T 1 -T2) "Multiplying by thickness instead of dividing by it" 
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2-139 The roof of an electrically heated house is 7 m long, 10 m wide, and 0.25 m thick. It is made of a flat layer of concrete 
whose thermal conductivity is 0.92 W/m.°C. During a certain winter night, the temperatures of the inner and outer surfaces 
of the roof are measured to be 15°C and 4°C, respectively. The average rate of heat loss through the roof that night was 

(a) 41 W (b) 177 W (c) 4894 W (d) 5567 W (e) 2834 W 


Answer (e) 2834 W 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

A=7*1 0 "m A 2" 

L=0.25 "m" 
k=0.92 "W/m.C" 

T1 =1 5 "C" 

T2=4 "C" 

Q_cond=k*A*(T1 -T2)/L "W" 

"Some Wrong Solutions with Common Mistakes:" 

W 1 _Q=k*(T 1 -T 2)/L "Not using area" 

W2_Q=k*2*A*(T1-T2)/L "Using areas of both surfaces" 

W3_Q=k*A*(T1+T2)/L "Adding temperatures instead of subtracting" 

W4_Q=k*A*L*(T 1 -T2) "Multiplying by thickness instead of dividing by it" 


2-140 ... 2-147 Design and Essay Problems 
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Solutions Manual for 

Thermodynamics: An Engineering Approach 

8th Edition 

Yunus A. Cengel, Michael A. Boles 
McGraw-Hill, 2015 


Chapter 3 

PROPERTIES OF PURE SUBSTANCES 


PROPRIETARY AND CONFIDENTIAL 


This Manual is the proprietary property of McGraw-Hill Education and protected by copyright and 
other state and federal laws. By opening and using this Manual the user agrees to the following 
restrictions, and if the recipient does not agree to these restrictions, the Manual should be promptly 
returned unopened to McGraw-Hill Education: This Manual is being provided only to authorized 
professors and instructors for use in preparing for the classes using the affiliated textbook. No 
other use or distribution of this Manual is permitted. This Manual may not be sold and may not 
be distributed to or used by any student or other third party. No part of this Manual may be 
reproduced, displayed or distributed in any form or by any means, electronic or otherwise, 
without the prior written permission of McGraw-Hill Education. 
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Pure Substances, Phase Change Processes, Property Diagrams 


3-2 


3-1C Yes. Because it has the same chemical composition throughout. 


3-2C A vapor that is about to condense is saturated vapor; otherwise it is superheated vapor. 


3-3C No. 


3-4C Because one cannot be varied while holding the other constant. In other words, when one changes, so does the other 
one. 


3-5C Yes. The saturation temperature of a pure substance depends on pressure. The higher the pressure, the higher the 
saturation or boiling temperature. 


3-6C At critical point the saturated liquid and the saturated vapor states are identical. At triple point the three phases of a 
pure substance coexist in equilibrium. 


3-7C Yes. 


3-8C Case (c) when the pan is covered with a heavy lid. Because the heavier the lid, the greater the pressure in the pan, and 
thus the greater the cooking temperature. 


Property Tables 

3-9C A given volume of water will boil at a higher temperature in a tall and narrow pot since the pressure at the bottom 
(and thus the corresponding saturation pressure) will be higher in that case. 


3- IOC The molar mass of gasoline (CgHig) is 1 14 kg/kmol, which is much larger than the molar mass of air that is 29 
kg/kmol. Therefore, the gasoline vapor will settle down instead of rising even if it is at a much higher temperature than the 
surrounding air. As a result, the warm mixture of air and gasoline on top of an open gasoline will most likely settle down 
instead of rising in a cooler environment 
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3-3 


3-1 1C Yes. Otherwise we can create energy by alternately vaporizing and condensing a substance. 


3-12C No. Because in the thermodynamic analysis we deal with the changes in properties; and the changes are independent 
of the selected reference state. 


3-13C The term h fg represents the amount of energy needed to vaporize a unit mass of saturated liquid at a specified 
temperature or pressure. It can be determined from hf g = h g - h f . 


3-14C Yes. It decreases with increasing pressure and becomes zero at the critical pressure. 


3-15C Yes; the higher the temperature the lower the h fg value. 


3-16C Quality is the fraction of vapor in a saturated liquid-vapor mixture. It has no meaning in the superheated vapor 
region. 


3-17C Completely vaporizing 1 kg of saturated liquid at 1 atm pressure since the higher the pressure, the lower the h fg . 


3-18C The compressed liquid can be approximated as a saturated liquid at the given temperature. Thus v T P = v j @T 


3-19C Ice can be made by evacuating the air in a water tank. During evacuation, vapor is also thrown out, and thus the 
vapor pressure in the tank drops, causing a difference between the vapor pressures at the water surface and in the tank. This 
pressure difference is the driving force of vaporization, and forces the liquid to evaporate. But the liquid must absorb the 
heat of vaporization before it can vaporize, and it absorbs it from the liquid and the air in the neighborhood, causing the 
temperature in the tank to drop. The process continues until water starts freezing. The process can be made more efficient by 
insulating the tank well so that the entire heat of vaporization comes essentially from the water. 
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3-4 

3-20 Complete the following table for H2 O: 


T, °C 

P, kPa 

u, kj/kg 

Phase description 

143.61 

400 

1450 

Saturated mixture 

220 

2319.6 

2601.3 

Saturated vapor 

190 

2500 

805.15 

Compressed liquid 

466.21 

4000 

3040 

Superheated vapor 


3-21 


Complete the following table for H 2 O'. 


T, °C 

P, kPa 

if, m 3 /kg 

Phase description 

50 

12.35 

7.72 

Saturated mixture 

143.6 

400 

0.4624 

Saturated vapor 

250 

500 

0.4744 

Superheated vapor 

110 

350 

0.001051 

Compressed liquid 
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3-5 


3-22 



Problem 3-21 is reconsidered. The missing properties of water are to be determined using EES, and the solution 


is to be repeated for refrigerant- 134a, refrigerant-22, and ammonia. 
Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T[1]=50 [C] 
v[1]=7.72 [m A 3/kg] 

P[2]=400 [kPa] 
x [ 2]=1 

T[3]=250 [C] 

P[3]=500 [kPa] 

T[4]=1 10 [C] 

P[4]=350 [kPa] 

"Analysis" 

Fluid$='steam_iapws' "Change the Fluid to R134a, R22 and Ammonia and solve" 
P[1]=pressure(Fluid$, T=T[1], v=v[1]) 
x[1]=quality(Fluid$, T=T[1], v=v[1]) 

T[2]=temperature(Fluid$, P=P[2], x=x[2]) 
v[2]=volume(Fluid$, P=P[2], x=x[2]) 
v[3]=volume(Fluid$, P=P[3], T=T[3]) 
x[3]=quality(Fluid$, P=P[3], T=T[3]) 
v[4]=volume(Fluid$, P=P[4], T=T[4]) 
x[4]=quality(Fluid$, P=P[4], T=T[4]) 

"x = 1 00 for superheated vapor and x = -1 00 for compressed liquid" 


SOLUTION for water 


T [C] 

P [kPa] 

X 

v [kg/m 3 ] 

50.00 

12.35 

0.6419 

7.72 

143.61 

400.00 

1 

0.4624 

250.00 

500.00 

100 

0.4744 

110.00 

350.00 

-100 

0.001051 


SOLUTION for R-134a 


T [C] 

P [kPa] 

X 

v [kg/m 3 ] 

50.00 

3.41 

100 

7.72 

8.91 

400.00 

1 

0.05127 

250.00 

500.00 

- 

- 

110.00 

350.00 

100 

0.08666 
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SOLUTION for R-22 


T [C] 

P [kPa] 

X 

v [kg/m 3 ] 

50.00 

4.02 

100 

7.72 

-6.56 

400.00 

1 

0.05817 

250.00 

500.00 

100 

0.09959 

110.00 

350.00 

100 

0.103 


SOLUTION for Ammonia 


T [C] 

P [kPa] 

X 

v [kg/m 3 ] 

50.00 

20.40 

100 

7.72 

-1.89 

400.00 

1 

0.3094 

250.00 

500.00 

100 

0.5076 

110.00 

350.00 

100 

0.5269 


Steam 



Steam 
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h [kJ/kg] P [kPa] P [kPa] 


3-7 




Steam 
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3-23 Complete the following table for H 2 O: 


3-8 


T, °C 

P, kPa 

t/, m 3 /kg 

Phase description 

140 

361.53 

0.05 

Saturated mixture 

155.46 

550 

0.001097 

Saturated liquid 

125 

750 

0.001065 

Compressed liquid 

500 

2500 

0.140 

Superheated vapor 


3-24E Complete the following table for 

H 2 0: 


H 

0 

*3 

P, psia 

u, Btu/lbm 

Phase description 

300 

67.03 

782 

Saturated mixture 

267.22 

40 

236.02 

Saturated liquid 

500 

120 

1174.4 

Superheated vapor 

400 

400 

373.84 

Compressed liquid 
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3-9 


3-25E 



Problem 3-24E is reconsidered. The missing properties of water are to be determined using EES, and the 


solution is to be repeated for refrigerant- 1 34a, refrigerant-22, and ammonia. 
Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T[1]=300 [F] 
u[1]=782 [Btu/lbm] 

P[2]=40 [psia] 
x[2]=0 
T[3]=500 [F] 

P[3]=1 20 [psia] 

T[4]=400 [F] 

P[4]=420 [psia] 

"Analysis" 

Fluid$='steam_iapws' 

P[1]=pressure(Fluid$, T=T[1], u=u[1 ]) 
x[1]=quality(Fluid$, T=T[1], u=u[1]) 

T[2]=temperature(Fluid$, P=P[2], x=x[2]) 
u[2]=intenergy(Fluid$, P=P[2], x=x[2]) 
u[3]=intenergy(Fluid$, P=P[3], T=T[3]) 
x[3]=quality(Fluid$, P=P[3], T=T[3]) 
u[4]=intenergy(Fluid$, P=P[4], T=T[4]) 
x[4]=quality(Fluid$, P=P[4], T=T[4]) 

"x = 1 00 for superheated vapor and x = -1 00 for compressed liquid" 


Solution for steam 


T, °F 

P, psia 

X 

u, Btu/lbm 

300 

67.028 

0.6173 

782 

267.2 

40 

0 

236 

500 

120 

100 

1174 

400 

400 

-100 

373.8 


Solution for R134a 


T, °F 

P, psia 

X 

u, Btu/lbm 

300 

- 

- 

782 

29.01 

40 

0 

21.24 

500 

120 

100 

203.5 

400 

400 

100 

173.6 
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3-10 


Solution for R22 


T, °F 

P, psia 

X 

u, Btu/lbm 

300 

- 

- 

782 

1.534 

40 

0 

78.08 

500 

120 

100 

240.1 

400 

400 

100 

218.7 


Solution for ammonia 


T, °F 

P, psia 

X 

u, Btu/lbm 

300 

- 

- 

782 

11.67 

40 

0 

63.47 

500 

120 

100 

785.5 

400 

400 

100 

727 
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3-11 


3-26 Complete the following table for Refrigerant- 13 4a: 


T, °C 

P, kPa 

i/, m 3 /kg 

Phase description 

-4 

320 

0.000764 

Compressed liquid 

10 

414.89 

0.0065 

Saturated mixture 

33.45 

850 

0.02409 

Saturated vapor 

60 

600 

0.04632 

Superheated vapor 


3-27E Complete the following table for Refrigerant- 134a: 

T, °F 

P, psia 

h , Btu/lbm 

X 

Phase description 

65.89 

80 

78 

0.566 

Saturated mixture 

15 

29.759 

69.92 

0.6 

Saturated mixture 

10 

70 

15.36 

— 

Compressed liquid 

160 

180 

129.46 

— 

Superheated vapor 

110 

161.16 

117.25 

1.0 

Saturated vapor 


3-28 A rigid tank contains steam at a specified state. The pressure, quality, and density of steam are to be determined. 
Properties At 220°C = 0.001 190 m 3 /kg and v„ = 0.08609 m 3 /kg (Table A-4). 

Analysis (a) Two phases coexist in equilibrium, thus we have a saturated liquid- vapor mixture. The pressure of the steam is 
the saturation pressure at the given temperature. Then the pressure in the tank must be the saturation pressure at the specified 
temperature, 


P ~ ^sat@ 22 o p c - 2320kPa 


( b ) The total mass and the quality are determined as 


V 


m f = 


f l/3x (1.8 m ) 


I 'f 0.001 190 m 3 /kg 


= 504.2 kg 


m g = 


Vg _ 2/3 x( 1.8 m 3 ) 
v., 0.08609 m 3 /kg 


= 13.94 kg 


Steam 
1.8 m 3 
220°C 


m t = my + m g = 504.2 + 1 3.94 = 5 1 8. 1 kg 


x = 


m t 


13.94 

518.1 


0.0269 


(c) The density is determined from 


i/ = 1 / f + x(y e - i/y ) = 0.001 190 + (0.0269X0.08609) = 0.003474 m 3 /kg 


/ 

1 

P = ~ = 


i/ 0.003474 


= 287.8kg/m : 
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3-29 A piston-cylinder device contains R-134a at a specified state. Heat is transferred to R-134a. The final pressure, the 
volume change of the cylinder, and the enthalpy change are to be determined. 


Analysis (a) The final pressure is equal to the initial pressure, which is determined from 


P 2 =Px=P i 


atm 9 . „ 

nD~!4 


m pS OD1n (12kg)(9.81m/sV 

= 88 kPan 


^■(0.25 m) 2 /4 


lkN 


1000 kg. m/s' 


= 90.4kPa 


(b) The specific volume and enthalpy of R-134a at the initial state of 90.4 kPa and -10°C and at the final state of 90.4 kPa 
and 15°C are (from EES) 

.3 


i/, = 0.2302 m /kg 

.3 


h x = 247.77 kJ/kg 
i/ 2 = 0.2544 m7kg h 2 = 268.18 kJ/kg 

The initial and the final volumes and the volume change are 

(/, = mVl = (0.85 kg)(0.2302 m 3 /kg) = 0.1957 m 3 
l/ 2 = mV2 = (0.85 kg)(0.2544 m 3 /kg) = 0.2162 m 3 
A(/ = 0.2162-0.1957 =0. 0205m 3 
(c) The total enthalpy change is determined from 

AH = m(h 2 -h { ) = (0.85 kg)(268. 18 - 247. 77) kJ/kg = 1 7.4 kJ/kg 



3-30E The temperature of R-134a at a specified state is to be determined. 

Analysis Since the specified specific volume is higher than i/ ? for 80 psia, this is a superheated vapor state. From R-134a 
tables, 


P = 80 psia 
i/ = 0.6243 fi 3 /lbm 


r = 80°F (Table A - 13E) 


3-31 A rigid container that is filled with R-134a is heated. The final temperature and initial pressure are to be determined. 


Analysis This is a constant volume process. The specific volume is 


y_ 

m 


1.348 m 3 
10 kg 


0.1348 m 3 /kg 


The initial state is determined to be a mixture, and thus the pressure is the 
saturation pressure at the given temperature 

P x =^at@- 4 o°c =51-25kPa (Table A -11) 


The final state is superheated vapor and the temperature is determined by 
interpolation to be 


P 2 = 200 kPa 
i/ 2 = 0.1348 m 3 /kg 


\ T 2 = 66.3°C (Table A -13) 


R-134a 
-40°C 
10 kg 
1.348 m 3 
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3-32 The enthalpy of R-134a at a specified state is to be determined. 
Analysis The specific volume is 


3-13 


t/ 



9m 3 
300 kg 


= 0.03m 3 /kg 


Inspection of Table A- l 1 indicates that this is a mixture of liquid and vapor. Using the properties at 10°C line, the quality 
and the enthalpy are determined to be 

V-Vf (0.03 - 0.0007929) m 3 /kg n 
X = = = 0.6001 

^ fg (0.049466 - 0.0007929) m 3 /kg 

h = h f + xh fg =65.42 + (0.6001X190.80) = 179.9kJ/kg 


3-33 The specific volume of R-134a at a specified state is to be determined. 

Analysis Since the given temperature is higher than the saturation temperature for 200 kPa, this is a superheated vapor state. 
The specific volume is then 


P = 200 kPa] 
T = 25 °C 


i/ = 0.11647m 3 /kg (Table A -13) 


3-34 The average atmospheric pressure in Denver is 83.4 kPa. The boiling temperature of water in Denver is to be 
determined. 

Analysis The boiling temperature of water in Denver is the saturation temperature corresponding to the atmospheric pressure 
in Denver, which is 83.4 kPa: 

T = T s at@ 83 . 4 kPa = 94.6°C (Table A-5) 


3-35E The temperature in a pressure cooker during cooking at sea level is measured to be 250 °F. The absolute pressure 
inside the cooker and the effect of elevation on the answer are to be determined. 

Assumptions Properties of pure water can be used to approximate the properties of juicy water in the cooker. 


Properties The saturation pressure of water at 250°F is 29.84 psia (Table A-4E). The standard atmospheric pressure at sea 
level is 1 atm = 14.7 psia. 

Analysis The absolute pressure in the cooker is simply the saturation pressure at the cooking temperature, 


^abs “ ^sat@250PF ~~ 29.84 psia 
It is equivalent to 


^abs = 29.84 psia 


r 1 atm x 
14.7 psia 


= 2.03atm 


h 2 o 

250°F 


The elevation has no effect on the absolute pressure inside when the temperature is maintained constant at 250°F. 
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3-36E A spring-loaded piston-cylinder device is filled with R-134a. The water now undergoes a process until its volume 
increases by 50%. The final temperature and the enthalpy are to be determined. 

Analysis From Table A-l IE, the initial specific volume is 


c/j = v f +x l v fg =0.01 143 + (0.80)(4.4286 -0.01 143) = 3.5452 ft J /lbm 
and the initial volume will be 

(/j = m u 1 = (0. 1 3 lbm)(3 . 5452 ft 3 /lbm) = 0. 4609 ft 3 
With a 50% increase in the volume, the final volume will be 
(/ 2 =1.4(/ 1 =1.5(0.4609 ft 3 ) = 0.6913ft 3 
The distance that the piston moves between the initial and final conditions is 



A, = ^ = HzK = 68 13 - 04a »>« , 0.2934 1 


A p nD /4 


7r(l ft) /4 


As a result of the compression of the spring, the pressure difference between the initial and final states is 

A F kAx kAx 4(37 lbflin)(0.2934x 12in) KO , ufl . 2 , K , . 

A P- = = = = 1 .152 lbt/in =1.152psia 


A p A p 


tzD / 4 


^■(12 in) 


The initial pressure is 


Pi = P sat @ _ 3 o°f - 9. 869 psia (T able A-l IE) 

The final pressure is then 

p 2 =p x + AP = 9.869 + 1 . 152 = 1 1.02 psia 
and the final specific volume is 


l/o = 


V 0.6813ft 3 
m 0.13 lbm 


= 5.318 ft /lbm 


At this final state, the temperature and enthalpy are 


P 2 = 11 .02 psia 1 T 2 = 1 04.7°F 

(/o = 5.318 ft 3 /lbm| hn =124.7Btu/lbm 


(from EES) 


Note that it is very difficult to get the temperature and enthalpy readings from Table A-13E accurately. 
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3-37E A piston-cylinder device that is filled with water is cooled. The final pressure and volume of the water are to be 
determined. 


Analysis The initial specific volume is 


1/1 = 


y 

m 


2.4264 ft 3 
llbm 


= 2.4264 ft 3 /lbm 


This is a constant-pressure process. The initial state is determined to be superheated 
vapor and thus the pressure is determined to be 


T x = 600°F 

= 2.4264 ft 3 /lbm 


P x =P 2 =250psia (T able A - 6E) 


The saturation temperature at 250 psia is 400. 1°F. Since the final temperature 
is less than this temperature, the final state is compressed liquid. Using the 
incompressible liquid approximation, 

i/ 2 ={/ f@ 20 (?f = 0.01663 ft 3 /lbm (TableA-4E) 

The final volume is then 




t/ 2 =mv 2 = (llbm)(0.01663ft 3 /lbm) = 0.01663ft 3 


3-38 The volume of a container that contains water at a specified state is to be determined. 
Analysis The specific volume is determined from steam tables by interpolation to be 


P = 100kPa 
T = 150°C 


</ = 1.9367 m 3 /kg (TableA-6) 


The volume of the container is then 


1/ = ra(/ = (3kg)(1.9367 m 3 /kg) = 5.81 nr 


Water 
3 kg 
100 kPa 
150°C 


3-39 Water is boiled at sea level (1 atm pressure) in a pan placed on top of a 3-kW electric burner that transfers 60% of the 
heat generated to the water. The rate of evaporation of water is to be determined. 

Properties The properties of water at 1 atm and thus at the saturation temperature of 100°C are h fg = 2256.4 kJ/kg (Table A- 
4). 


Analysis The net rate of heat transfer to the water is 
<2 = 0.60 x 3 kW = 1.8 kW 


Noting that it takes 2256.4 kJ of energy to vaporize 1 kg of saturated liquid water, the rate of 
evaporation of water is determined to be 


m 


evaporaticn 



1.8kJ/s 
2256.4 kJ/kg 


0.80xl0“ 3 kg/s = 2.872kg/h 


h 2 o 

100°C 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 





3-16 


3-40 Water is boiled at 1500 m (84.5 kPa pressure) in a pan placed on top of a 3-kW electric burner that transfers 60% of 
the heat generated to the water. The rate of evaporation of water is to be determined. 


Properties The properties of water at 84.5 kPa and thus at the saturation temperature of 95 °C are hf g = 2269.6 kJ/kg (Table 
A-4). 


Analysis The net rate of heat transfer to the water is 
Q = 0.60 x 3 kW = 1.8 kW 


Noting that it takes 2269.6 kJ of energy to vaporize 1 kg of saturated liquid water, the 
rate of evaporation of water is determined to be 


i'll 

evaporaticn 



1 . 8 kJ/s 
2269.6 kJ/kg 


= 0.793x10 3 kg/s = 2.855kg/h 


h 2 o 

95°C 


3-41 A rigid container that is filled with R-134a is heated. The temperature and total enthalpy are to be determined at the 
initial and final states. 


Analysis This is a constant volume process. The specific volume is 

V 0.014 m 3 


v x =v 2 = — = 
m 


10 kg 


= 0.0014 nvVkg 


The initial state is determined to be a mixture, and thus the temperature is the 
saturation temperature at the given pressure. From Table A- 12 by interpolation 

^1 = ^sat@300kPa = 0.61°C 

Using EES, we would get 0.65°C. Then, 

= (0-0014 - 0.0007735) mVkg = 


1 / 


' fg (0.067776 - 0.0007735) nU/kg 

h x =h f + x x h fg =52.71 + (0.00935 1)(198. 17) = 54.56 kJ/kg 

The total enthalpy is then 

H x =mh x = (10 kg)(54.56 kJ/kg) = 545.6kJ 
The final state is also saturated mixture. Repeating the calculations at this state, 

21.55=0 


^2 “ sat @ 600kPa 


l+> - 1/ 


x 2 = 


f 


(0.0014- 0.0008198) m 3 /kg 


= 0.01731 


t/ 


’ fg (0.034335 - 0.0008198) nrVkg 
h 2 — h f +x 2 h jg = 81.50 + (0.0173 1)(1 80.95) = 84.64 kJ/kg 
H 2 =mh 2 = (10 kg)(84.64 kJ/kg) = 846.4kJ 


R-134a 
300 kPa 
10 kg 
14 L 
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The internal energy at the final state is (Table A- 12) 

v 2 -v f (0.06161- 0.0007532) m 3 /kg 
x 2 = = = 0.6135 

V fg (0.09995 1 - 0.0007532) m 3 /kg 

u 2 = u f + x 2 u fg =38.26 + (0.6135)(186.25) = 152.52 kJ/kg 

Hence, the change in the internal energy is 

A u=u 2 -u l = 152.52 - 263.08 = -1 1 0.6kJ/kg 
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3-43 A piston-cylinder device fitted with stops contains water at a specified state. Now the water is cooled until a final 
pressure. The process is to be indicated on the T-v diagram and the change in internal energy is to be determined. 


Analysis The process is shown on T-v diagram. The internal 
energy at the initial state is 


P x = 200 kPa 
T x = 300°C 


u x =2808.8 kJ/kg (TableA-6) 


State 2 is saturated vapor at the initial pressure. Then, 


P 2 = 200kPa 
x 2 = 1 (sat. vapor) 


</ 2 = 0.8858 m 3 /kg (Table A - 5) 


Process 2-3 is a constant- volume process. Thus, 


P 3 = 100 kPa 

i/ 3 =v 2 = 0.8858 m 3 /kg 


u 3 =1508.6 kJ/kg (T able A - 5) 


The overall change in internal energy is 

Au = u x - u 3 = 2808.8 - 1508.6 = 1 300kJ/kg 




3-44 Saturated steam at T sat = 40°C condenses on the outer surface of a cooling tube at a rate of 130 kg/h. The rate of heat 
transfer from the steam to the cooling water is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The condensate leaves the condenser as a saturated liquid at 30°C. 

Properties The properties of water at the saturation temperature of 40°C are h fg = 2406.0 kJ/kg (Table A-4). 

Analysis Noting that 2406.0 kJ of heat is released as 1 kg of saturated 
vapor at 40°C condenses, the rate of heat transfer from the steam to the 
cooling water in the tube is determined directly from 

G = W ev apAfe 

= (130 kg/h)(2406 . 0 kJ/kg) = 312,780 kJ/h 

= 86.9kW 


40 C 
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3-45 The boiling temperature of water in a 5 -cm deep pan is given. The boiling temperature in a 40-cm deep pan is to be 
determined. 

Assumptions Both pans are full of water. 

Properties The density of liquid water is approximately p = 1000 kg/m . 

Analysis The pressure at the bottom of the 5 -cm pan is the saturation 

40 cm 

pressure corresponding to the boiling temperature of 98 °C: 

5 cm 


P = P =94.39kPa 

sat @9 8 C 


(Table A-4) 


The pressure difference between the bottoms of two pans is 


A P = pgh = (1000 kg/m 3 )(9. 807 m/s 2 )(0.35 m) 


1 kPa 


1000 kg/m-s 


= 3.43 kPa 



Then the pressure at the bottom of the 40-cm deep pan is 
P = 94.39 + 3.43 = 97.82 kPa 
Then the boiling temperature becomes 

^boiling = ^sat@97.82 kPa = 99.0°C (Table A-5) 


3-46 A cooking pan is filled with water and covered with a 4-kg lid. The boiling temperature of water is to be determined. 
Analysis The pressure in the pan is determined from a force balance on the lid, 


PA = P aU ,A + w 
or, 

n 


i , 

i 



p=p + mg 

1 1 atm 1 ^ 

-fl01ira), (4kgX9 - 81m/s2) 

1 lcPa 'l 

i 

i j 

P 



k / k 

- UU1 KJr d) 1 - 

7r( 0. 1 m y 

= 102.25 kPa 

v 1000 kg/m-s 2 J 


w = mg 


The boiling temperature is the saturation temperature corresponding to this pressure, 
T — T sat @ 102.25 kPa = ^ 00-2°C (Table A-5) 
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3-47 mtim Prob. 3-46 is reconsidered. Using EES (or other) software, the effect of the mass of the lid on the boiling 
temperature of water in the pan is to be investigated. The mass is to vary from 1 kg to 10 kg, and the boiling temperature is 
to be plotted against the mass of the lid. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given data" 

{P_atm=101[kPa]} 

D_lid=20 [cm] 

{m_lid=4 [kg]} 

"Solution" 

"The atmospheric pressure in kPa varies with altitude in km by the approximate function:" 
P_atm=1 01 .325*(1 -0.02256*z) A 5.256 

"The local acceleration of gravity at 45 degrees latitude as a function of altitude in m is given by:" 
g=9. 807+3. 32*1 0 A (-6)*z*convert(km,m) 

"At sea level:" 
z=0 "[km]" 

A_lid=pi*DJid A 2/4*convert(cm A 2,m A 2) 

W_lid=m_lid*g*convert(kg*m/s A 2,N) 

P_lid=W_lid/A_lid*convert(N/m A 2,kPa) 

P_wate r= P_l i d + P_at m 

T_water=temperature(steam_iapws,P=P_water,x=0) 


miid [kgl 

T water [C] 

1 

100.1 

2 

100.1 

3 

100.2 

4 

100.3 

5 

100.4 

6 

100.5 

7 

100.6 

8 

100.7 

9 

100.7 

10 

100.8 



m lid [kg] 
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z [km] 


Effect of altitude on boiling pressure of water in pan with lid 



z [km] 

Effect of altitude on boiling temperature of water in pan with lid 
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3-48 A vertical piston-cylinder device is filled with water and covered with a 40-kg piston that serves as the lid. The boiling 
temperature of water is to be determined. 

Analysis The pressure in the cylinder is determined from a force balance on the piston, 


PA = P atm A + W 
or. 

P atm 

' ' 

< 

LJ 

Li 

, 


P = P« 

-(100 kPa) , < 4 °kgX9.81m/s 2 ) 

1 kPa 

i 

k ) 

P 

k 

< k i 

k - k 

— ivJL Cl) l 

0.0150 m 2 

= 126.15 kPa 

v 1000 kg/m - s 2 j 


W = mg 

' 


The boiling temperature is the saturation temperature corresponding to this pressure, 
T =^sat@i 26 .i 5 kPa = 1 06.2°C (Table A-5) 


3-49 Water is boiled in a pan by supplying electrical heat. The local atmospheric pressure is to be estimated. 
Assumptions 75 percent of electricity consumed by the heater is transferred to the water. 

Analysis The amount of heat transfer to the water during this period is 
Q = /E elect time = (0.75X2 kJ/s)(30 x 60 s) = 2700 kJ 


The enthalpy of vaporization is determined from 



Q 

m boi\ 


2700 kJ 
1.19kg 


= 2269 kJ/kg 


Using the data by a trial-error approach in saturation table of water (Table A-5) or using EES as we did, the saturation 
pressure that corresponds to an enthalpy of vaporization value of 2269 kJ/kg is 

P sat = 85.4 kPa 

which is the local atmospheric pressure. 


3-50 A rigid tank that is filled with saturated liquid-vapor mixture is heated. The temperature at which the liquid in the tank 
is completely vaporized is to be determined, and the T-v diagram is to be drawn. 

Analysis This is a constant volume process (i/= l //ra = constant), and 
the specific volume is determined to be 


V 1.8 m 3 


v- — = 

m 15 kg 


= 0.12 nr/kg 


When the liquid is completely vaporized the tank will contain 
saturated vapor only. Thus, 

v 2 = v„ = 0. 12 m 3 /kg 

The temperature at this point is the temperature that corresponds to 
this Vo value, 


T=T nio = 202.9PC 

sat @ =0 . 1 2 nr /kg 


(Table A-4) 




> v 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 




3-23 



3-51 A piston-cylinder device contains a saturated liquid-vapor mixture of water at 800 kPa pressure. The mixture is 

heated at constant pressure until the temperature rises to 200°C. The initial temperature, the total mass of water, the final 
volume are to be determined, and the P-v diagram is to be drawn. 

Analysis (a) Initially two phases coexist in equilibrium, thus we have a saturated liquid -vapor mixture. Then the temperature 
in the tank must be the saturation temperature at the specified pressure, 


T = T 


= 158.8?C 


sat@600kPa 

(b) The total mass in this case can easily be determined by adding the mass of each phase, 


{/ 


m f = 


f 


0.005 m 


v f 0.001 101 nrVkg 


= 4.543 kg 


1 / 


0.9m 


m g = 


= 2.852 kg 


v g 0.3156 m /kg 
m t = m j + m ,, — 4.543 + 2.852 = 7.395 kg 

(c) At the final state water is superheated vapor, and its specific volume is 
P 2 = 600 kPa 



T 2 = 200° C 


c/ 2 = 0.3521 m /kg (Table A-6) 


Then, 




V 2 = m, «/ 2 = (7.395 kg)(0.3521 m 3 /kg) = 2.604 nr 
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3-52 " riTT- Prob. 3-51 is reconsidered. The effect of pressure on the total mass of water in the tank as the pressure varies 
from 0. 1 MPa to 1 MPa is to be investigated. The total mass of water is to be plotted against pressure, and results are to be 
discussed. 

Analysis The problem is solved using EES, and the solution is given below. 


P[1]=600 [kPa] 

P[2]=P[1] 

T[2]=200 [C] 

V_f1 = 0.005 [m A 3] 

V_g1=0.9 [m A 3] 

spvsat_f1=volume(SteamJapws, P=P[1],x=0) "sat. liq. specific volume, m A 3/kg" 

spvsat_g1=volume(SteamJapws,P=P[1],x=1) "sat. vap. specific volume, m A 3/kg" 

m_f1=V_f1/spvsat_f1 "sat. liq. mass, kg" 

m_g1=V_g1/spvsat_g1 "sat. vap. mass, kg" 

m_tot=m_f1 +m_g1 

V[1]=V_f1+V_g1 

spvol[1]=V[1]/m_tot "specific volumel , m A 3" 

T[1 ]=temperature(Steam_iapws, P=P[1 ],v=spvol[1 ])"C" 

"The final volume is calculated from the specific volume at the final T and P" 
spvol[2]=volume(SteamJapws, P=P[2], T=T[2]) "specific volume2, m A 3/kg" 
V[2]=m_tot*spvol[2] 

6 Steam IAPWS 


P, [kPa] 

m tot [kg] 

100 

5.324 

200 

5.731 

300 

6.145 

400 

6.561 

500 

6.978 

600 

7.395 

700 

7.812 

800 

8.23 

900 

8.648 

1000 

9.066 


CO 

Q- 



V [m /kg] 


9.5 
9 

8.5 
8 

O) 7.5 
S 7 

E 

6.5 
6 

5.5 
5 


100 200 300 400 500 600 700 800 900 1000 

P 1 [kPa] 
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3-53E A rigid tank contains water at a specified pressure. The temperature, total enthalpy, and the mass of each phase are to 
be determined. 

Analysis (a) The specific volume of the water is 

{/ 5 ft 3 , 

{/ = — = = 1.0 It 71 bm 

m 5 lbm 


At 20 psia, t tf - 0.01683 ft 3 /lbm and i/ ? = 20.093 ft 3 /lbm (Table A-12E). Thus the tank contains saturated liquid-vapor 
mixture since i/ f < i/< i/„ , and the temperature must be the saturation temperature at the specified pressure, 


^ “ ^sat@20psia “ 227.92°F 


( b ) The quality of the water and its total enthalpy are determined from 


</- c/ 


v = 


/ 


i/ 


fs 


1.0-0.01683 

20.093-0.01683 


= 0.04897 


h = h f + xh fg =196.27 + 0.04897x959.93 = 243.28 Btu/lbm 

H = mh = (5 lbm)(243.28 Btu/lbm) = 1216.4 Btu 
(c) The mass of each phase is determined from 
m g = xm t = 0.04897x5 = 0.245 lbm 
nij = m t + m „ = 5-0.245 = 4.755 lbm 


h 2 o 

5 lbm 
20 nsia 


3-54E A rigid tank contains saturated liquid-vapor mixture of R-134a. The quality and total mass of the refrigerant are to be 
determined. 

Analysis At 50 psia, i/ f = 0.01252 ft 3 /lbm and t/„ = 0.94791 ft 3 /lbm (Table A-12E). The volume occupied by the liquid and 
the vapor phases are 

U f = 1 ft 3 and V g = 4 ft 3 
Thus the mass of each phase is 


V 


m f = 


f 


lft 


= 79.88 lbm 


i/ 


/ 


0.01252ft -Vlbm 




4 ft 


m 8 = 


= 4.22 lbm 



0.94909 ft 3 /lbm 


Then the total mass and the quality of the refrigerant are 
m, — nij + m„ = 79.88 + 4.22 = 84.10 lbm 


m 


4.22 lbm 


x = 


m, 84. 10 lbm 


= 0.05018 
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3-55E Superheated water vapor cools at constant volume until the temperature drops to 250°F. At the final state, the 
pressure, the quality, and the enthalpy are to be determined. 

Analysis This is a constant volume process (i/ = Wm = constant), and the initial specific volume is determined to be 


3-26 


P x =180 psia 
T x = 500° F 


i/j = 3.0433 fi 3 /lbm 


(Table A-6E) 


At 250°F, t/ f = 0.01700 frVlbm and i/ g = 13.816 ft 3 /lbm. Thus at the 
final state, the tank will contain saturated liquid-vapor mixture since 
t/f < t/ < t/g , and the final pressure must be the saturation pressure at 
the final temperature, 

P = ^sat@25(T F = 29 ' 84 P Sia 


( b ) The quality at the final state is determined from 


t/o -(/ 


x 2 = 


V 


fg 


f 3.0433-0.01700 


13.816-0.01700 


= 0.219 


(c) The enthalpy at the final state is determined from 


h = h f +xh fg =218.63 + 0.219 x 945.41 = 426.0 Btu/lbm 


h 2 o 

180 psia 
500°F 
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3-56E Problem 3-55E is reconsidered. The effect of initial pressure on the quality of water at the final state as the 

pressure varies from 100 psi to 300 psi is to be investigated. The quality is to be plotted against initial pressure, and the 
results are to be discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


T[1]=500 [F] 

P[1 ]=1 80 [psia] 

T[2]=250 [F] 

v[ 1 ]=volume(steam_iapws,T =T[1 ],P=P[1 ]) 
v[2]=v[1] 

P[2]=pressure(steamJapws,T=T[2],v=v[2]) 

h[2]=enthalpy(steamJapws,T=T[2],v=v[2]) 

x[2]=quality(steam_iapws,T=T[2],v=v[2]) 


1400 


1200 

1000 

07 800 

o 

h 600 


400 


200 
0 

10- 2 10 _1 10° 10 1 10 2 10 3 10 4 

V [ft 3 /lb m ] 


Steam 



Pi 

fpsial 

X 2 

100 

0.4037 

122.2 

0.3283 

144.4 

0.2761 

166.7 

0.2378 

188.9 

0.2084 

211.1 

0.1853 

233.3 

0.1665 

255.6 

0.151 

277.8 

0.1379 

300 

0.1268 



P[1] [psia] 
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3-57 Superheated steam in a piston-cylinder device is cooled at constant pressure until half of the mass condenses. The final 
temperature and the volume change are to be determined, and the process should be shown on a T- v diagram. 


Analysis ( b ) At the final state the cylinder contains saturated liquid- 
vapor mixture, and thus the final temperature must be the saturation 
temperature at the final pressure, 

T = ^sat @ 0.5 MPa = 151 ,83?C (Table A-5) 


(c) The quality at the final state is specified to be x 2 = 0.5. The specific 
volumes at the initial and the final states are 


P x =0.5 MPa 
T x = 200° C 


\v x = 0.42503 m 3 /kg 


(Table A-6) 


P 2 = 0.5 MPa 

X -05 H =''f+X2<'fg 
2 ' J =0.001093 + 0.5 X (0.37483 -0.001093) 

= 0. 1880 m 3 /kg 

Thus, 

A(/ = m(y 2 -(/,) = (0. 6 kg)(0. 1 880 - 0. 42503)m 3 /kg = -0. 1 4222m 3 


H 2 0 
200°C 
0.5 MPa 



3-58 The water in a rigid tank is cooled until the vapor starts condensing. The initial pressure in the tank is to be 
determined. 


Analysis This is a constant volume process (i/= V/m = constant), and the 
initial specific volume is equal to the final specific volume that is 


v x — — v g @\ 2 #c ~ 0-79270 m 3 /kg (Table A-4) 


since the vapor starts condensing at 150°C. Then from 
Table A-6, 


T { = 250°C 

= 0.79270 m 3 /kg 


P x =0.30 MPa 


h 2 o 

Ty= 250°C 

Pi = ? 
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3-59 Heat is supplied to a piston-cylinder device that contains water at a specified state. The volume of the tank, the final 
temperature and pressure, and the internal energy change of water are to be determined. 

Properties The saturated liquid properties of water at 200°C are: i //• = 0.001 157 m 3 /kg and u f = 850.46 kJ/kg (Table A-4). 
Analysis {a) The cylinder initially contains saturated liquid water. The volume of the cylinder at the initial state is 

V x = mt /j = (1.4kg)(0.001157 m 3 /kg) = 0.001619 m 3 
The volume at the final state is 


V = 4(0.001619) = 0.006476m 3 
( b ) The final state properties are 


v 2 = — = 


V_ 

m 


0.006476 nr 


= 0.004626 m 3 /kg 


(/ 2 = 0.004626 m 3 /kg 

* 2=1 


(Table A-4 or A-5 or EES) 


1.4 kg 

T 2 =371.3°C 
P 2 =21,367kPa 

u 2 = 2201.5 kJ/kg 

(c) The total internal energy change is determined from 

A U = m(u 2 - u x ) = (1.4 kg)(2201.5 - 850.46) kJ/kg = 1 892k J 



Q 


3-60E The error involved in using the enthalpy of water by the incompressible liquid approximation is to be determined. 
Analysis The state of water is compressed liquid. From the steam tables, 


P = 3000 psial 
r = 400°F I 


h = 378.41 Btu/lbm (TableA-7E) 


Based upon the incompressible liquid approximation, 


P = 3000 psia 
r = 400°F 


f ^-^/@40CPF 


= 375.04 Btu/lbm (Table A - 4E) 


The error involved is 


„ ^ 378.41-375.04 ^ _ Orto/ 

Percent Error = x 100 = 0.89% 

378.41 


which is quite acceptable in most engineering calculations. 
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3-61 A piston-cylinder device that is filled with R-134a is heated. The volume change is to be determined. 
Analysis The initial specific volume is 


3-30 


P, = 60 kPa o 

c/, = 0.33608 m 3 /kg (Table A -13) 

T x = -20°C 

and the initial volume is 

l/j =mi/ 1 = (0.100kg)(0.33608m 3 /kg) = 0.033608m 3 
At the final state, we have 


P 2 = 60 kPa 
T 2 =100°C ’ 


v 2 =0.50410 m 3 /kg (Table A -13) 


l/ 2 =mt/ 2 =(0.100kg)(0.50410m 3 /kg) = 0.050410 m 3 


The volume change is then 

Al/ = l/, -l/j =0.050410 - 0.033608 = 0.01 68m 3 



3-62 A rigid vessel is filled with refrigerant- 134a. The total volume and the total internal energy are to be determined. 

Properties The properties of R-134a at the given state are (Table A- 13). 

P = 500 kPa 1 u= 329.91 kJ/kg 
r = 120°C J v = 0.061687 m 3 /kg 

Analysis The total volume and internal energy are determined from 

V = mt/ = (8 kg)(0. 061687 m 3 /kg) = 0.494 m 3 
U = mu = (8 kg)(329.91 kJ/kg) = 2639 kj 
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3-63 Heat is supplied to a rigid tank that contains water at a specified state. The volume of the tank, the final temperature 
and pressure, and the internal energy change of water are to be determined. 

Properties The saturated liquid properties of water at 200°C are: = 0.001 157 m 3 /kg and uj - 850.46 kJ/kg (Table A-4). 

Analysis (a) The tank initially contains saturated liquid water and air. The volume occupied by water is 

</j = ml /j = (1.4kg)(0.001 157 m 3 /kg) = 0.001619 m 3 
which is the 25 percent of total volume. Then, the total volume is determined from 

1/ = — (0.001619) = 0.006476m 3 
0.25 


( b ) Properties after the heat addition process are 


V 0.006476 nr 3n 

c/i = — = = 0.004626 m /kg 


m 


1.4 kg 


To =371.3°C 


>P 2 =21,367kPa 


(Table A-4 or A-5 or EES) 


c/ 2 =0.004626 nf7 kg 

* 2=1 u 2 = 2201.5 kJ/kg 

(c) The total internal energy change is determined from 

A U = m(u 2 - u x ) = (1.4 kg)(2201 .5 - 850.46) kJ/kg = 1 892kJ 


3-64 A piston-cylinder device that is initially filled with water is heated at constant pressure until all the liquid has 
vaporized. The mass of water, the final temperature, and the total enthalpy change are to be determined, and the T-v diagram 
is to be drawn. 


Analysis Initially the cylinder contains compressed liquid (since P > P sa t@ 4 o°c) that can be approximated as a saturated liquid 
at the specified temperature (Table A-4), 


i/t = i/ 


o C = 0.001008 nrVkg 


f@40 


h x = /if@4Q°c — 167.53 kJ/kg 


(a) The mass is determined from 




0.050 m 


m = 


^ 0.001008 m 3 /kg 


= 49.61 kg 



(b) At the final state, the cylinder contains saturated vapor and thus 
the final temperature must be the saturation temperature at the final 
pressure, 


T - 7^@200kPa - 1 20.2 TC 

(c) The final enthalpy is h 2 = h g @ 200 kPa = 2706.3 kJ/kg. Thus, 

AH = m(h 2 -h x ) = (49.61 kg)(2706.3 - 167.53)kJ/kg = 125,950 kj 
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Ideal Gas 


3-65C A gas can be treated as an ideal gas when it is at a high temperature or low pressure relative to its critical temperature 
and pressure. 


3-66C R u is the universal gas constant that is the same for all gases whereas R is the specific gas constant that is different for 
different gases. These two are related to each other by R = R u / M, where M is the molar mass of the gas. 


3-67C Propane (molar mass = 44.1 kg/kmol) poses a greater fire danger than methane (molar mass =16 kg/kmol) since 
propane is heavier than air (molar mass = 29 kg/kmol), and it will settle near the floor. Methane, on the other hand, is lighter 
than air and thus it will rise and leak out. 


3-68 A rigid tank contains air at a specified state. The gage pressure of the gas in the tank is to be determined. 
Assumptions At specified conditions, air behaves as an ideal gas. 

Properties The gas constant of air is R = 0.287 kPa.mVkg.K (Table A- 1). 

Analysis Treating air as an ideal gas, the absolute pressure in the tank is determined from 


P = 


mRT (5 kg)(0.287 kPa • m 7kg • K)(298 K) 




= 1069.1 kPa 


0.4 m 


Thus the gage pressure is 


P g = P-P iiim = 1069.1-97 = 972.1 kPa 


P, 



3-69E The temperature in a container that is filled with oxygen is to be determined. 
Assumptions At specified conditions, oxygen behaves as an ideal gas. 

Properties The gas constant of oxygen is R = 0.3353 psia-ft 3 /lbm-R (Table A- IE). 
Analysis The definition of the specific volume gives 

t/ 3ft 3 , 

i/ = — = = 1.5 ft /Ibm 

m 2 lbm 

Using the ideal gas equation of state, the temperature is 


T = 


P i/ 
R 


(80 psia)(1.5 ft 3 /lbm) 
0.3353psia ft 3 /lbm-R 


= 358 R 
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3-70 The volume of a container that is filled with helium at a specified state is to be determined. 
Assumptions At specified conditions, helium behaves as an ideal gas. 

Properties The gas constant of helium is R = 2.0769 kJ/kg-K (Table A-l). 

Analysis According to the ideal gas equation of state, 

v mRT _ (2 kg)(2.0769 kPa ■ m 3 /kg • K)(27 + 273 K) /| 154m3 
P 300 kPa 


3-71 The pressure and temperature of oxygen gas in a storage tank are given. The mass of oxygen in the tank is to be 
determined. 


Assumptions At specified conditions, oxygen behaves as an ideal gas 
Properties The gas constant of oxygen is R = 0.2598 kPa.nr/kg.K (Table A-l). 
Analysis The absolute pressure of 0 2 is 

P = P g + Patm = 500 + 97 = 597 kPa 
Treating 0 2 as an ideal gas, the mass of 0 2 in tank is determined to be 


P V 


m = 


(597 kPa)(2.5 nr ) 


RT (0.2598 kPa-m 3 /kg-K)(28+273)K 


= 19. 08kg 


P g = 500 kPa 



3-72 A balloon is filled with helium gas. The mole number and the mass of helium in the balloon are to be determined. 
Assumptions At specified conditions, helium behaves as an ideal gas. 

Properties The universal gas constant is R u = 8.314 kPa.m /kmol.K. The molar mass of helium is 4.0 kg/kmol (Table A-l). 
Analysis The volume of the sphere is 
4 

3 3 

Assuming ideal gas behavior, the mole numbers of He is determined from 
PV (200 kPa)(381.7 m 3 ) 


{/ -—nr 3 = — n(4.5 m) 3 = 381.7 m 3 


N = 


RJ (8.314 kPa-m 3 /kmol-K)(300 K) 

Then the mass of He can be determined from 

m = NM = (30.61 kmol)(4.0 kg/kmol) = 123 kg 


= 30.61 kmol 
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3-73 ™“ Problem 3-72 is to be reconsidered. The effect of the balloon diameter on the mass of helium 
balloon is to be determined for the pressures of (a) 100 kPa and (b) 200 kPa as the diameter varies from 5 
mass of helium is to be plotted against the diameter for both cases. 


contained in the 
m to 15 m. The 


Analysis The problem is solved using EES, and the solution is given below. 


"Given Data" 

{D=9 [m]} 

T=27 [C] 

P=200 [kPa] 
R_u=8.314 [kJ/kmol-K] 


"Solution" 

P*V=N*R_u*(T +273) 

V=4*pi*(D/2) A 3/3 

m=N*MOLARMASS(Helium) 


D [ml 

m fkgl 

5 

21.01 

6.111 

38.35 

7.222 

63.31 

8.333 

97.25 

9.444 

141.6 

10.56 

197.6 

11.67 

266.9 

12.78 

350.6 

13.89 

450.2 

15 

567.2 
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3-74E An automobile tire is under inflated with air. The amount of air that needs to be added to the tire to raise its pressure 
to the recommended value is to be determined. 


Assumptions 1 At specified conditions, air behaves as an ideal gas. 2 The volume of the tire remains constant. 
Properties The gas constant of air is R = 0.3704 psia.ftVlbm.R (Table A-1E). 

Analysis The initial and final absolute pressures in the tire are 
Pj = P gl + P atm = 20 + 14.6 = 34.6 psia 


P 2 = P g 2 + Patm = 30 + 14.6 = 44.6 psia 
Treating air as an ideal gas, the initial mass in the tire is 


Tire 
0.53 ft 3 
90°F 
20 psig 


m, = 


(34.6 psia)(0.53ft 3 ) 


py_ = 

RT t (0.3704 psia • ft 3 /lbm • R)(550 R) 


= 0.0900 lbm 



Noting that the temperature and the volume of the tire remain constant, the final mass in the tire becomes 


= 


P 2 t/ 


(44.6 psia)(0.53 ft 3 ) 


RT 2 (0.3704 psia • ft 71bm- R)(550 R) 


= 0. 1160 lbm 


Thus the amount of air that needs to be added is 

A m = m 2 — m x = 0. 1 160 — 0.0900 = 0.0260 lbm 


3-75 Two rigid tanks connected by a valve to each other contain air at specified conditions. The volume of the second tank 
and the final equilibrium pressure when the valve is opened are to be determined. 

Assumptions At specified conditions, air behaves as an ideal gas. 

Properties The gas constant of air is R = 0.287 kPa.mVkg.K (Table A- 1). 

Analysis Let's call the first and the second tanks A and B. Treating air as an ideal gas, the volume of the second tank and the 
mass of air in the first tank are determined to be 


Thus, 


V B = 




Pi 


m A = 


PV 


1 J B 

\ 


^ (3 kg)(0.287 kPa • m 3 /kg • K)(308 K) _ 1 326m3 
200 kPa 


\ RT Ua 


(350 kPa)(1.0m 3 ) 


(0.287 kPa • m 3 /kg • K)(283 K) 


= 4.309 kg 


V = V A +V B =1.0+1.326 = 2.326 m 3 
m = m A + m B = 4.309 + 3 = 7.309 kg 

Then the final equilibrium pressure becomes 

p _ mRT , 2 _ (7.309 kg)(0.287 kPa • m 3 /kg ■ K)(293 K) 26/| kpj 


V 


2.326 m 3 


A 


B 
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3-76 One side of a two-sided tank contains an ideal gas while the other side is evacuated. The partition is removed and the 
gas fills the entire tank. The gas is also heated to a final pressure. The final temperature is to be determined. 

Assumptions The gas is specified as an ideal gas so that ideal gas relation can be used. 

Analysis According to the ideal gas equation of state, 

p 2 =Pi 

V 2 =V l +2V 1 =3V 1 
Applying these, 

ni\ = m l 

m _ p 2 v 2 

Pi t 2 

^± = Yz_ 

Pi p 2 

T 2 = T x 'A = T x = 37) = 3[927 + 273) K] = 3600 K = 3327°C 



Q 


3-77 A piston-cylinder device containing argon undergoes an isothermal process. The final pressure is to be determined. 
Assumptions At specified conditions, argon behaves as an ideal gas. 

Properties The gas constant of argon is R = 0.2081 kJ/kg-K (Table A-l). 

Analysis Since the temperature remains constant, the ideal gas equation gives 

m 


m = 


^ 2^2 


+ W = W 2 


RT RT 

which when solved for final pressure becomes 

P 2 = P x — = A — = 0.5 P\ = 0.5(550 kPa) = 275 kPa 



</, 


21 /, 


3-78E A rigid tank contains slightly pressurized air. The amount of air that needs to be added to the tank to raise its 
pressure and temperature to the recommended values is to be determined. 

Assumptions 1 At specified conditions, air behaves as an ideal gas. 2 The volume of the tank remains constant. 

Properties The gas constant of air is R = 0.3704 psia.ftVlbm.R (Table A-1E). 

Analysis Treating air as an ideal gas, the initial volume and the final mass in the tank are determined to be 

_ m l KT l _ (20 I bm )(0. 3704 psia-ft 3 /lbm R)(530 R) 

P x 20 psia 

p 2 V (35 psia)(196.3 ft 3 ) 

m 2 = = = 33.73 lbm 

RT 2 (0.3704 psia • £ 3 /lbm- R)(550 R) 

Thus the amount of air added is 

Am = m 2 — tn x = 33.73 — 20.0 = 13.73 lbm 


Air, 20 lbm 
20 psia 
70°F 
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Compressibility Factor 

3-79C All gases have the same compressibility factor Z at the same reduced temperature and pressure. 


3-80C Reduced pressure is the pressure normalized with respect to the critical pressure; and reduced temperature is the 
temperature normalized with respect to the critical temperature. 


3-81E The temperature of R-134a is to be determined using the ideal gas relation, the compressibility chart, and the R-134a 
tables. 

Properties The gas constant, the critical pressure, and the critical temperature of refrigerant- 134a are, from Table A- IE, 


R = 0.10517 psiaft 3 /lbmR, 


T cr = 673.6 R, 


P cr = 588.7 psia 


Analysis ( a ) From the ideal gas equation of state, 

rp PV (400 psia)(0. 1384 ft 3 /lbm) coc 
R (0.10517 psia- ft 3 /lbm-R) 

( b ) From the compressibility chart (Fig. A- 15a), 

P 400 psia 


Pr = 


Vr = 


= 0.679 


P cr 588.7 psia 

^actual _ (0. 1384 ft 3 /lbm)(588.7 psia) 

RT cr / P cr (0. 105 17 psia • ft 3 /lbm • R)(673.6 R) 


= 1.15 


T r =1.03 


Thus, 


T = T R T cr = 1.03 x 673.6 = 694 R 
(c) From the superheated refrigerant table (Table A-13E), 

^oT3 8 P 4. a =/lbm} 7 ' = 240 " F < 700R » 
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3-82 The specific volume of steam is to be determined using the ideal gas relation, the compressibility chart, and the steam 
tables. The errors involved in the first two approaches are also to be determined. 


Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-l, 
R = 0.4615 kPa-m 3 /kg-K, T„= 647.1 K, P cr = 22.06 MPa 

Analysis {a) From the ideal gas equation of state, 


RT 

v = 

P 


(0.4615 kPa • m 3 /kg • K)(623. 15 K) 
15,000 kPa 


= 0.01917 m 3 /kg 


(67.0%error) 


( b ) From the compressibility chart (Fig. A- 15), 
P 10 MPa 


Pr = 


Tr = 


P 22.06 MPa 


= 0.453 


cr 


T 673 K 


T cr 647. IK 


= 1.04 



h 2 o 

> Z = 0.65 

15 MPa 


350°C 


Thus, 


i/ = Zi/ idea] =(0.65)(0.01917 m 3 /kg) = 0.01 246 m 3 /kg (8.5%error) 


(c) From the superheated 

P = 15 MPa l „ 
r = 350°C J v 


steam table (Table A-6), 

= 0.01148 m 3 /kg 
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3-83 Problem 3-82 is reconsidered. The problem is to be solved using the general compressibility factor feature of 

EES (or other) software. The specific volume of water for the three cases at 15 MPa over the temperature range of 350°C to 
600°C in 25°C intervals is to be compared, and the % error involved in the ideal gas approximation is to be plotted against 
temperature. 

Analysis The problem is solved using EES, and the solution is given below. 


P=15 [MPa]*Convert(MPa,kPa) 

{T_Celsius= 350 [C]} 

T=T_Celsius+273 "[K]" 

T_critical=T_CRIT(Steam_iapws) 

P_critical=P_CRIT(Steam_iapws) 

{v=Vol/m} 

P_table=P; P_comp=P;P_idealgas=P 
T_table=T; T_comp=T;T_idealgas=T 

v_table=volume(Steam_iapws,P=P_table,T=T_table) "EES data for steam as a real gas" 
{P_table=pressure(Steam_iapws, T =T_table, v=v)} 
{T_sat=temperature(Steam_iapws,P=P_table,v=v)} 

MM=MOLARMASS(water) 

R_u=8.314 [kJ/kmol-K] "Universal gas constant" 

R=R_u/MM "[kJ/kg-K], Particular gas constant" 

P_idealgas*v_idealgas=R*T_idealgas "Ideal gas equation" 
z = COMPRESS(T_comp/T_critical,P_comp/P_critical) 

P_comp*v_comp=z*R*T_comp "generalized Compressibility factor" 
Error_idealgas=Abs(v_table-v_idealgas)/v_table*Convert(, %) 
Error_comp=Abs(v_table-v_comp)/v_table*Convert(, %) 


Error CO mp [%] 

ErrOfjdeal qas [%] 

T Celcius [C] 

9.447 

67.22 

350 

2.725 

43.53 

375 

0.4344 

32.21 

400 

0.5995 

25.23 

425 

1.101 

20.44 

450 

1.337 

16.92 

475 

1.428 

14.22 

500 

1.437 

12.1 

525 

1.397 

10.39 

550 

1.329 

8.976 

575 

1.245 

7.802 

600 
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3-84 The specific volume of steam is to be determined using the ideal gas relation, the compressibility chart, and the steam 
tables. The errors involved in the first two approaches are also to be determined. 

Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-l, 

R = 0.4615 kPaV/kg-K, T„= 647.1 K, P cr = 22.06 MPa 

Analysis {a) From the ideal gas equation of state, 

RT (0.4615 kPa-m 3 /kg-K)(723 K) . 3;l /0 

i/ = — = - — - = 0.09533rrr/kg (3.7% error) 

P 3500 kPa 




v = Zi^ideai = (0.961 )(0. 09533 m^/kg) = 0.091 6" | m 3 / k g (0.4% error) 


(c) From the superheated steam table (Table A-6), 

f = 450°C Pa ) v = 0 091 96m 3 /kg 


3-85 Somebody claims that oxygen gas at a specified state can be treated as an ideal gas with an error less than 10%. The 
validity of this claim is to be determined. 

Properties The critical pressure, and the critical temperature of oxygen are, from Table A-l, 

T cr = 154.8 K and P cr = 5.08 MPa 
Analysis From the compressibility chart (Fig. A- 15), 



Then the error involved can be determined from 

Error = = 1-— = 1 — = -26.6% 

i/ Z 0.79 

Thus the claim is false. 
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3-86E Ethane in a rigid vessel is heated. The final pressure is to be determined using the compressibility chart. 

Properties The gas constant, the critical pressure, and the critical temperature of ethane are, from Table A- IE, 

R = 0.3574 psiaft 3 /lbmR, T cr = 549.8 R, P cr = 708 psia 

Analysis From the compressibility chart at the initial state (from Fig. A-15 or EES. We used EES throughout the solution.), 


7^^60^1019 
T cr 549. 8 R 


Pr\ ~ 


P x 50 psia 
P 708 psia 


Zj = 0.977 


= 0.0706 


The specific volume does not change during the process. Then, 


Z X RT X (0.977X0.3574 psia- ft 3 /lbm- R)(560 R) onia3;lu 
t/j = if 2 = — — - = : = 3.91 ft /lbm 


50 psia 



At the final state, 


T 2 _ 1000 R 
T cr ~ 549. 8 R 


1.819 


^2, actual _ 3.911fi 3 /lbm 

RT a /P a (0.3574 psia • ft 3 /lbm • R)(549.8 R)/(708 psia) 



Thus, 

^ Z 2 RT 2 (1.0)(0.3574psiaft 3 /lbmRX10Q0R) 01 1p=jj 
2 v 2 3.91ft 3 /lbm 
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3-87 Ethylene is heated at constant pressure. The specific volume change of ethylene is to be determined using the 
compressibility chart. 


Properties The gas constant, the critical pressure, and the critical temperature of ethane are, from Table A-l, 

R = 0.2964 kPa m 3 /kg K, T„ = 282.4 K, P c[ = 5.12 MPa 


Analysis From the compressibility chart at the initial and final states (Fig. A- 15), 


7*1 

Pr\ 


II 

T CI 

A 

Per 


293 K 
282.4 K 


1.038 


5 MPa 
5. 12 MPa 


0.977 


Z, = 0.56 


T T 2 _ 473 K 

R2 T a 282. 4 KR 
Pr2 = Pm = 0.977 


1.675 


Z, =0.961 


Ethylene 
5 MPa 
20°C 


Q 


The specific volume change is 
At/ = — (Z 2 r 2 -ZjTj ) 

= Q ' 2964kPa ' m /kg ' K [(0.96 IX 473 K) - (0.56)(293 K)] 
5000 kPa L J 

= 0.0172m 3 /kg 


3-88 The % error involved in treating C0 2 at a specified state as an ideal gas is to be determined. 
Properties The critical pressure, and the critical temperature of C0 2 are, from Table A-l, 

T cr = 304.2 K and P cv = 7.39 MPa 
Analysis From the compressibility chart (Fig. A- 15), 


Pr = 


Tr = 


P 

Xr 

T 


7 MPa 
7.39 MPa 
380 K 


= 0.947 


T„ 304.2 K 


= 1.25 


cr 


Z = 0.84 


Then the error involved in treating C0 2 as an ideal gas is 


Em, r = ‘'- t '^ = l-i = l 


l 


t/ 


0.84 


= -0.190 or 19 . 0 % 


co 2 

7 MPa 
380 K 
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3-89 Water vapor is heated at constant pressure. The final temperature is to be determined using ideal gas equation, the 
compressibility charts, and the steam tables. 

Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-l, 

R = 0.4615 kPaV/kg-K, T cr = 647.1 K, P cr = 22.06 MPa 

Analysis (a) From the ideal gas equation, 


T 2 =T X ^ = (350 + 273 K)(2) = 1 246K 

(b) The pressure of the steam is 

P\ ~ Pi ~ ^sat@ 35 (rc = 16,529 kPa 


From the compressibility chart at the initial state (Fig. A- 15), 


Tr i 
Pr\ 


Tcr 

A 

^cr 


623 K 
647. 1KR 


0.963 


16.529 MPa 
22.06 MPa 


0.749 


Z x = 0.593, v m = 0.75 


Water 

350°C 


sat. vapor 


Q 


At the final state, 


Pri ~ Pr\ ~ 0-749 

v R2 =2v Rl =2(0.75) = 1.50 


Z 2 =0.88 


Thus, 


Pi u i 

Z 2 R 


Pi u riT cr 
Zl Per 


16,529 kPa (1.50)(647. IK) 
088 22,060kPa 


= 826K 


(c) From the superheated steam table, 


T x = 350°C 

Vj = 1 


v x - 0.008806 m 3 /kg 


(Table A-4) 


Pi 

i/ 2 


= 16,529 kPa 
= 2v x = 0.01761 m 3 /kg / 


T 2 = 477°C = 750K 


(from Table A-6 or EES) 
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3-90 Methane is heated at constant pressure. The final temperature is to be determined using ideal gas equation and the 
compressibility charts. 

Properties The gas constant, the critical pressure, and the critical temperature of methane are, from Table A-l, 

R = 0.5182 kPam 3 /kgK, T cr = 191.1 K, P cr = 4.64MPa 

Analysis From the ideal gas equation, 


T 2 =T l ^ = (300 K)(l .8) = 540 K 


From the compressibility chart at the initial state (Fig. A- 15), 


Tm 

Pr\ 


A 

T C r 

A 

^cr 


300 K 
191. IK 
10 MPa 
4.64 MPa 


= 1.57 


= 2.16 


Zj = 0.86, v Rl = 0.63 


Methane 
10 MPa 
300 K 


Q 


At the final state, 


Tri ~ Tri ~ 2-16 

v R2 =1.8«/^ =1.8(0.63) = 1.134 


Z 2 = 0.42 


(Fig. A- 15) 


Thus, 


T _ P 2 v 2 _ P 2 v R2 T cr = 10,000kPa(1.134)(191.1K) _ 1112K 
2 Z 2 R Z 2 P cr 0.42 4640 kPa 

Of these two results, the accuracy of the second result is limited by the accuracy with which the charts may be read. 
Accepting the error associated with reading charts, the second temperature is the more accurate. 
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3-91 C0 2 gas flows through a pipe. The volume flow rate and the density at the inlet and the volume flow rate at the exit of 
the pipe are to be determined. 

Properties The gas constant, the critical pressure, and the critical temperature of C0 2 are (Table A-l) 

R = 0.1889 kPam 3 /kgK, T„= 304.2 K, P cr = 7.39 MPa 

Analysis 


3 MPa 

500 K C0 2 ► 450 K 

2 kg/s 


(a) From the ideal gas equation of state, 


• mRT x (2kg/s)(0.1889kPa-m 3 /kg-K)(500 K) _ 3/1 .. 

(/, = L = - — - = 0.06297 rrr/kg (2.1%error) 

P, (3000 kPa) 


Pi 


Pi = 


(3000 kPa) 


RT X (0. 1889 kPa • m 3 /kg • K)(500 K) 

3 


= 31. 76 kg/m 3 (2.1% error) 


• mRT 2 (2 kg/s)(0. 1889 kPa • m /kg • K)(450 K) . n „„ 3/1 /0 

V 2 = - = - — — - = 0.05667m 3 /kg (3.6%error) 

P 2 (3000 kPa) 

(b) From the compressibility chart (EES function for compressibility factor is used) 

P x 3 MPa 


Pr = 


P„ 7.39 MPa 


= 0.407 


cr 


Tra= JL = J^ = 1.64 


T cr 304.2 K 


Zj = 0.979 1 


P 

r R ~ 


3 MPa 


P,, 7.39 MPa 


= 0.407 


cr 


T 

1 R,2 ~ 


450 K 


= 1.48 


T cr 304.2 K 


Z 2 = 0.9656 


^ • Z x mRT x (0.9791)(2 kg/s)(0. 1889 kPa- m 3 /kg- K)(500 K) 3/I 

Thus, (/ = — = - — — = 0.061 65 m 3 /kg 

P, (3000 kPa) 


P, 


Pi = 


(3000 kPa) 


Z X RT X (0.9791)(0. 1889 kPa • m 3 /kg • K)(500 K) 

3 


= 32.44 kg/m 


0 Z 2 mRT 2 (0.9656X2 kg/s)(0.1889 kPa-m J /kg-KX45Q K) Q Q5172m 3 /k 
2 !\ (3000 kPa) ' 9 
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3-92 The pressure of R-134a is to be determined using the ideal gas relation, the compressibility chart, and the R-134a 
tables. 

Properties The gas constant, the critical pressure, and the critical temperature of refrigerant- 134a are, from Table A-l, 


R = 0.08149 kPa V/kg-K, 
Analysis The specific volume of the refrigerant is 


T cr = 374.2 K, 


P cr = 4.059 MPa 


V 0.016773 m 3 


U = = 

m 


lkg 


= 0.016773 m 3 /kg 


(a) From the ideal gas equation of state, 

P RT _ (0.08149 kPa • m 3 /kg • K)(383 K) =1861 kpg 
(/ 0.016773 m 3 /kg 

(b) From the compressibility chart (Fig. A- 15), 


R-134a 

0.016773 m 3 /kg 
110°C 


Tr = 


Ur = 


T 383 K 


T cr 374.2 K 


= 1.023 


u. 


actual 


0.016773 m7kg 


RT cr /P cr (0.08 149 kPa • m 3 /kg • K)(374.2 K)/(4059 kPa) 


= 2.24 


P R = 0.39 


Thus, 

p = p R p a = (0.39)(4059 kPa) = 1 583 kPa 
(c) From the superheated refrigerant table (Table A- 13), 
r = 110°C 


u = 0.016773 m 3 /kg 


P=1600kPa 
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3-93C The constant a represents the increase in pressure as a result of intermolecular forces; the constant b represents the 
volume occupied by the molecules. They are determined from the requirement that the critical isotherm has an inflection 
point at the critical point. 


3-94 The pressure of nitrogen in a tank at a specified state is to be determined using the ideal gas, van der Waals, and 
Beattie-Bridgeman equations. The error involved in each case is to be determined. 

Properties The gas constant, molar mass, critical pressure, and critical temperature of nitrogen are (Table A-l) 

R = 0.2968 kPa V/kg-K, M = 28.013 kg/kmol, T„ = 126.2 K, P C[ = 3.39 MPa 
Analysis The specific volume of nitrogen is 

{/ 3.27 m 3 _ _ __ 3/1 

i/ = — = = 0.0327 nr /kg 

m 100 kg 


(a) From the ideal gas equation of state, 

RT (0.2968 kPa • m 3 /kg • K)(175 K) 


P = 


= 1588kPa (5.5% error) 



1/ 


0.0327 m /kg 

(b) The van der Waals constants for nitrogen are determined from 


a = 


27 R 2 T 2 


64 R 


cr 


(27)(0.2968 kPa ■ m 3 /kg ■ K) 2 (126.2 K) 2 
(64)(3390 kPa) 


= 0.175 m 6 -kPa/kg 


b = RT - 


SR 


cr 


(0.2968 kPa • nr /kg • K)( 126.2 K) = m 3 

8 x 3390 kPa 


Then, 


P = 


RT 


a 


0.2968x175 


0.175 


v-b i/ 2 0.0327-0.00138 (0.0327) 


= 1495kPa (0.7% error) 


(c) The constants in the Beattie-Bridgeman equation are 


A = A, 


B = B. 


' a ' 

1 -- 


c/ 

i-4 

t/ 


= 136.2315 


= 0.05046 


1- 


0.02617 

0.9160 


-0.00691 

0.9160 


= 132.339 


= 0.05084 


c = 4.2x 10 4 m 3 • K 3 /kmol 


since v — Mi/ = (28.013 kg/kmol)(0.0327 m 3 /kg) = 0.9160 m 3 /kmol . Substituting, 


„ RJ 

p u 


U 2 


1- 


c 


UT 


A 




V 


8.314x175 


(0.9160)' 


1 - 


4.2x10 


4 


0.9160x175- 


(0.9160+0.05084)- 


132.339 

(0.9160) 2 


= 1504kPa (0.07% error) 
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3-95 Methane is heated in a rigid container. The final pressure of the methane is to be determined using the ideal gas 
equation and the Benedict- Webb-Rubin equation of state. 


Analysis (a) From the ideal gas equation of state, 


P 2 = P\— = (80 kPa) 


P 


573 K 
293 K 


= 156.5kPa 


( b ) The specific molar volume of the methane is 

3 

t\ li i j to. jiH-Kra- in 



Q 


- _ R U T X (8.314kPa-m 3 /kmol-K)(293 K) 3/l 1 

t/, = (/ 0 = = = 30.45 m /kinol 


P 


80kPa 


Using the coefficients of Table 3-4 for methane and the given data, the Benedict-Webb-Rubin equation of state for state 2 
gives 


Pi = 


RJi 


V- 


W 2 -A,-kf 


1 

bR..T ? - a 

u z. 

aa 

c 

<7 2 





1 


r 


-2 


(8.314)(573) 


30.45 


2 J 


0.04260x8.314x573-187.91 


exp(-// c/ 2 ) 


2.286x 10 
573 : 


6 ^ 


1 


30.45" 


0.003380x8.314x573-5.00 

30.45 3 


+ 


5.00x1.244x10 
30.45 6 


-4 


2.578x10' 


30.45 J (573)‘ 


1 + 


0.0060 

30.45 2 


exp( -0.0060 / 30. 45 2 ) 


= 156.5kPa 
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3-96E The temperature of R-134a in a tank at a specified state is to be determined using the ideal gas relation, the van der 
Waals equation, and the refrigerant tables. 

Properties The gas constant, critical pressure, and critical temperature of R-134a are (Table A- IE) 

R = 0.1052 psiaft 3 /lbmR, T cr = 673.6 R, P cr = 588.7 psia 

Analysis (a) From the ideal gas equation of state, 

T fV (400 psiaXO. 1 144 ft 3 /lbm) ^ R 
R 0.1052 psia- ft 3 /lbm-R 


( b ) The van der Waals constants for the refrigerant are determined from 


Then, 


27 R 2 T c 2 r (27X0.1052 psia- ft 3 /lbm- R) 2 (673.6 R) 2 „ cn ^ 6 . /1U 2 

a = = = 3.596 ft • psia/lbm 


64P 


cr 


(64)(588.7 psia) 


b = 


KT^ = (0, 1052 psia f 3 /lbm- R)(673.6 R) = 0 _ Q15()4 ft 3/lbm 


8 P, 


cr 


8 x 588.7 psia 


T = — 

R 


P + 


a 


i r J 


(y-b) = — - 


f 


0.1052 


400 + 


3.591 


(0.3479) 


(0. 1144 -0.01504) = 638 R 


(c) From the superheated refrigerant table (Table A-13E), 
P = 400 psia 


i/ = 0.1144ft /lbm 


T = 100°F (660 R) 
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3.97 The pressure of nitrogen in a tank at a specified state is to be determined using the ideal gas relation and the 

Beattie-Bridgeman equation. The error involved in each case is to be determined. 


Properties The gas constant and molar mass of nitrogen are (Table A-l) 

R = 0.2968 kPain 3 /kg-K and M = 28.013 kg/kmol 
Analysis (a) From the ideal gas equation of state, 

„ RT (0.2968 kPa • m 3 /kg • K)(150 K) 14WC ,,„ „„ 

P = = = 1063 kPa (6.3% error) 

i/ 0.041884 m 7kg 


N 2 

0.041884 m 3 /kg 
150 K 


( b ) The constants in the Beattie-Bridgeman equation are 


A = A. 


B = B. 




v 


b 


1 - — 


= 136.2315 


= 0.05046 


1 - 


0.02617 

1.1733 


-0.00691 

1.1733 


= 133.193 


= 0.05076 


c = 4.2x 10 4 m 3 • K 3 /kmol 


since 


U = Mi/ = (28.013 kg/kmol)(0. 041884 m 3 /kg) = 1.1733 m 3 /kmol. 
Substituting, 


„ RJ 

P — u 


U 2 


1 - 


c 


UT 


/- A 8.314x150 


v 2 (1. 1733) 


1- 


4.2x 10" 


1.1733x150' 


(1.1733 + 0.05076)- 


133.193 

(1.1733) 2 


= 1000.4kPa (negligible error) 
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3-98 mnm Problem 3-97 is reconsidered. Using EES (or other) software, the pressure results of the ideal gas and Beattie - 
Bridgeman equations with nitrogen data supplied by EES are to be compared. The temperature is to be plotted versus 
specific volume for a pressure of 1000 kPa with respect to the saturated liquid and saturated vapor lines of nitrogen over the 
range of 110 K< T< 150 K. 

Analysis The problem is solved using EES, and the solution is given below. 


Function BeattBridg(T,v,M,R_u) 

v_bar=v*M "Conversion from m A 3/kg to m A 3/kmol" 

"The constants for the Beattie-Bridgeman equation of state are found in text" 

Ao=1 36.231 5; aa=0.02617; Bo=0.05046; bb=-0.00691 ; cc=4.20*1 E4 
B=Bo*(1-bb/v_bar) 

A=Ao*(1-aa/v_bar) 

"The Beattie-Bridgeman equation of state is" 

BeattBridg:=R_u*T/(v_bar**2)*(1-cc/(v_bar*T**3))*(v_bar+B)-A/v_bar**2 

End 

T=1 50 [K] 
v=0.041 884 [m A 3/kg] 

P_exper=1000 [kPa] 

T_table=T; T_BB=T;T_idealgas=T 

P_table=PRESSURE(Nitrogen,T=T_table,v=v) "EES data for nitrogen as a real gas" 
(T_table=temperature(Nitrogen, P=P_table,v=v)} 

M=MOLARMASS(Nitrogen) 

R_u=8.314 [kJ/kmol-K] "Universal gas constant" 

R=R_u/M "Particular gas constant" 

P_idealgas=R*T_idealgas/v "Ideal gas equation" 

P_BB=BeattBridg(T_BB,v,M,R_u) "Beattie-Bridgeman equation of state Function" 


Prr fkPal 

Ptable [kPa] 

Pidealaas [kPa] 

v [m3/kgl 

Trr FK1 

Tideal aas [K] 

"Stable K] 

1000 

1000 

1000 

0.01 

91.23 

33.69 

103.8 

1000 

1000 

1000 

0.02 

95.52 

67.39 

103.8 

1000 

1000 

1000 

0.025 

105 

84.23 

106.1 

1000 

1000 

1000 

0.03 

116.8 

101.1 

117.2 

1000 

1000 

1000 

0.035 

130.1 

117.9 

130.1 

1000 

1000 

1000 

0.04 

144.4 

134.8 

144.3 

1000 

1000 

1000 

0.05 

174.6 

168.5 

174.5 
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3-99 Carbon dioxide is compressed in a piston-cylinder device in a polytropic process. The final temperature is to be 
determined using the ideal gas and van der Waals equations. 

Properties The gas constant, molar mass, critical pressure, and critical temperature of carbon dioxide are (Table A-l) 
R = 0.1889 kPam 3 /kgK, M = 44.01 kg/kmol, T„ = 304.2 K, P c[ = 7.39 MPa 
Analysis ( a ) The specific volume at the initial state is 


i/i = 


^ (0 - 1 889 kPa ' m /k - K) ^ = 0.08935 m 3 /kg 


Pi 


1000 kPa 


According to process specification, 


l/o = 1/ 


r p x ' 1/77 

V P 2 J 


= (0.08935 nrVkg) 


1000 kPa 
3000 kPa 


A 


1/1.2 


= 0.03577 nrVkg 



The final temperature is then 


T 2 = 




(3000 kPa)(0. 03577 nrVkg) 


= 568K 


R 0. 1889 kPa • m /kg • K 
(b) The van der Waals constants for carbon dioxide are determined from 

TlR^l (27)(0. 1889 kPa • m 3 /kg • K) 2 (304.2 K) 2 n IOOC 6 , n „ 

a- = = 0.1885m • kPa/kg 


64P 


cr 


(64)(7390 kPa) 


b = ^L= (0-1889 kPa. m 3 /kg.K)(304.2K) = Q _ 000972() m 3 /kg 


8 P 


cr 


8x7390 kPa 


Applying the van der Waals equation to the initial state, 


P + 


a 


v 2 j 


(v-b) = RT 


3000+ °- 1885 

V 


c/ 2 , 


(c/- 0.0009720) = (0.1889)(473) 


Solving this equation by trial-error or by EES gives 
I/, =0. 08821 m 3 /kg 
According to process specification, 




i / 2 =(/i 


V P 2 J 


= (0.08821 m 3 /kg) 


1000 kPa 
3000 kPa 


X 1/1.2 


= 0.0353 lm 3 /kg 


Applying the van der Waals equation to the final state, 


P 


a 


v 2 j 


(c /-b) = RT 


3000 


0.1885 


0.03531 . 

Solving for the final temperature gives 


(0.0353 1 - 0.0009720) = (0. 1 889)T 


T, =573K 
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3-100 The temperature of steam in a tank at a specified state is to be determined using the ideal gas relation, van der Waals 
equation, and the steam tables. 

Properties The gas constant, critical pressure, and critical temperature of steam are (Table A-l) 


R = 0.4615 kPam 3 /kgK, T a = 647.1 K, 
Analysis The specific volume of steam is 


P cr = 22.06 MPa 


V 

v = — = 


lm 


= 0.3520 nr 3 /kg 


m 2.841kg 

(a) From the ideal gas equation of state, 

T Pv (600 kPa)(0.352 m Vkg) 15?6K 
R 0.4615 kPa m 3 /kg-K 

(b) The van der Waals constants for steam are determined from 



a = 


27 R 2 !^ 


64 P 


cr 


(27)(0.4615 kPa • m 3 /kg • K) 2 (647. 1 K) 2 , 6lnn 2 

= 1.705 m -kPa/kg 

(64)(22,060 kPa) 


b = RTcr 


8 P 


cr 


(0.4615 kPa-m 3 /kg-K)(647. IK) 1 3, 

= 0.00169 m /kg 

8 x 22,060 kPa 


Then, 


T = — 

R 


P 


a 


c r J 


(y~ b )= 


i 


0.4615 


600 


1.705 


(0.3520) 


(0.352 - 0.00169) = 465.9K 


(c) From the superheated steam table (Tables A-6), 
P = 0.6 MPa 


«/ = 0.3520 m 3 /kg 


T = 200°C (= 473 K) 
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3-101 ™ irTT ‘ Problem 3-100 is reconsidered. The problem is to be solved using EES (or other) software. The temperature of 
water is to be compared for the three cases at constant specific volume over the pressure range of 0.1 MPa to 1 MPa in 0.1 
MPa increments. The %error involved in the ideal gas approximation is to be plotted against pressure. 

Analysis The problem is solved using EES, and the solution is given below. 


Function vanderWaals(T,v,M,R_u,T_cr,P_cr) 
v_bar=v*M "Conversion from m A 3/kg to m A 3/kmol" 

"The constants for the van der Waals equation of state are given by equation 3-24" 

a=27*R_u A 2*T_cr A 2/(64*P_cr) 

b=R_u*T_cr/(8*P_cr) 

"The van der Waals equation of state gives the pressure as" 
vanderWaals:=R_u*T/(v_bar-b)-a/v_bar**2 

End 

m=2.841 [kg] 

Vol=1 [m A 3] 

{P=6*convert(MPa,kPa)} 

T_cr=T_CRIT (Steamjapws) 

P_cr=P_CRIT (Steamjapws) 

v=Vol/m 

PJable=P; P_vdW=P;PJdealgas=P 

TJable=temperature(SteamJapws,P=PJable,v=v) "EES data for steam as a real gas" 
{PJable=pressure(SteamJapws, T=TJable,v=v)} 
{T_sat=temperature(SteamJapws,P=PJable,v=v)} 

MM=MOLARMASS(water) 

R_u=8.314 [kJ/kmol-K] ’Universal gas constant" 

R=R_u/MM "Particular gas constant" 

PJdealgas=R*TJdealgas/v "Ideal gas equation" 

"The value of P_vdW is found from van der Waals equation of state Function" 

P_vd W=vanderWaals(T_vd W , v, MM , R_u ,T_cr, P_cr) 

ErrorJdealgas=Abs(TJable-TJdealgas)/TJable*Convert(, %) 
Error_vdW=Abs(TJable-T_vdW)/TJable*Convert(, %) 


P fkPal 

Tideal aas [K] 

Ttable [K] 

T v dW [K] 

Error id eal aas [K] 

100 

76.27 

372.8 

86.35 

79.54 

200 

152.5 

393.4 

162.3 

61.22 

300 

228.8 

406.7 

238.2 

43.74 

400 

305.1 

416.8 

314.1 

26.8 

500 

381.4 

425 

390 

10.27 

600 

457.6 

473 

465.9 

3.249 

700 

533.9 

545.3 

541.8 

2.087 

800 

610.2 

619.1 

617.7 

1.442 

900 

686.4 

693.7 

693.6 

1.041 

1000 

762.7 

768.6 

769.5 

0.7725 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


T [K] Error 
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100 200 300 400 500 600 700 800 900 1000 

P [kPa] 


T va v for Steam at 600 kPa 
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table [K] T [K] 


T vs v for Steam at 6000 kPa 
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P [kPa] 
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Special Topic: Vapor Pressure and Phase Equilibrium 
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3-102 The vapor pressure in the air at the beach when the air temperature is 30°C is claimed to be 5.2 kPa. The validity of 
this claim is to be evaluated. 

Properties The saturation pressure of water at 30°C is 4.247 kPa (Table A-4). 

Analysis The maximum vapor pressure in the air is the saturation pressure of water 
at the given temperature, which is 

P v, max — ■^sat@7’ air — ^sat@30°C —4.247 kPa 

which is less than the claimed value of 5.2 kPa. Therefore, the claim is false. 


30 C 


WATER 


3-103 A glass of water is left in a room. The vapor pressures at the free surface of the water and in the room far from the 
glass are to be determined. 

Assumptions The water in the glass is at a uniform temperature. 

Properties The saturation pressure of water is 2.339 kPa at 20°C, and 1.706 kPa at 15°C (Table A-4). 

Analysis The vapor pressure at the water surface is the saturation pressure of water at the 
water temperature, 

P v, water surface — ' ^sat @ r water ~ ^sat@l 5°C —1*706 kPtl 

Noting that the air in the room is not saturated, the vapor pressure in the room far from the 
glass is 

^v, air = = ^sat@ 20 °c = (0.4)(2.339 kPa) = 0.936 kPa 

’ air 


H 2 0 

15°C 


3-104 The temperature and relative humidity of air over a swimming pool are given. The water temperature of the swimming 
pool when phase equilibrium conditions are established is to be determined. 

Assumptions The temperature and relative humidity of air over the pool remain constant 

Properties The saturation pressure of water at 25°C is 3.17 kPa (Table A-4). 

Analysis The vapor pressure of air over the swimming pool is 

P v , air =«P,at»r* = ^sat@25°C = (0.6X3.170 kPa) = 1.902 kPa 

Phase equilibrium will be established when the vapor pressure at the water surface 
equals the vapor pressure of air far from the surface. Therefore, 

P v, water surface = P v, air = !■ -902 kPa 
and ^water = ^sat @ P v = ^sat @ 1 ,902kPa = 16*7°C 

Discussion Note that the water temperature drops to 16.7°C in an environment at 25°C when phase equilibrium is 
established. 


Patm, 25°C 


POOL 
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3-105 A person buys a supposedly cold drink in a hot and humid summer day, yet no condensation occurs on the drink. The 
claim that the temperature of the drink is below 10°C is to be evaluated. 


Properties The saturation pressure of water at 35°C is 5.629 kPa (Table A-4). 
Analysis The vapor pressure of air is 

p v , air =^87-* = = (0.7X5.629 kPa) = 3.940 kPa 


The saturation temperature corresponding to this pressure (called the dew-point 
temperature) is 


T —T 

sat sat @ 


= 71 


sat@3.940 kPa 


28.7°C 




That is, the vapor in the air will condense at temperatures below 28.7 °C. Noting that no condensation is observed on the can, 
the claim that the drink is at 10°C is false. 


3-106 Two rooms are identical except that they are maintained at different temperatures and relative humidities. The room 
that contains more moisture is to be determined. 

Properties The saturation pressure of water is 2.339 kPa at 20°C, and 3.17 kPa at 25°C (Table A-4). 

Analysis The vapor pressures in the two rooms are 

Room 1 : P v i = </>\P sat @ ^ = ^i^ > S at@ 25 °c = (0.4)(3. 17 kPa) = 1.27 kPa 

Room 2: P v 2 — ^ 2 -^sat @t 2 ~^ 2 ^sat@ 20 °c — (0.55)(2. 339 kPa) = 1.29 kPa 

Therefore, room 1 at 30°C and 40% relative humidity contains more moisture. 


3-107E A thermos bottle half-filled with water is left open to air in a room at a specified temperature and pressure. The 
temperature of water when phase equilibrium is established is to be determined. 

Assumptions The temperature and relative humidity of air over the bottle remain constant. 

Properties The saturation pressure of water at 60°F is 0.2564 psia (Table A-4E). 

Analysis The vapor pressure of air in the room is 

p v ,air =# 5 sat@7- fir = ^sat@7(/F = (0.35)(0.2564 psia) = 0.08973 psia 

Phase equilibrium will be established when the vapor pressure at the water surface 
equals the vapor pressure of air far from the surface. Therefore, 

P v, water surface = P v,air =0.08973psia 

and 

^water — ^sat@P v — ^sat@0.08973psia — 32.3°F 

Discussion Note that the water temperature drops to 32.3 °F in an environment at 60°F when phase equilibrium is 
established. 


Thermos 

bottle 


60°F 

35% 
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Review Problems 


3-108E Water in a pressure cooker boils at 260°F. The absolute pressure in the pressure cooker is to be determined. 

Analysis The absolute pressure in the pressure cooker is the saturation 
pressure that corresponds to the boiling temperature, 

P = ^sat@26(TF = 3545 P Sia 


h 2 o 

260°F 


3-109 Carbon dioxide flows through a pipe at a given state. The volume and mass flow rates and the density of C0 2 at the 
given state and the volume flow rate at the exit of the pipe are to be determined. 

Analysis 


3 MPa 

500 K C0 2 ► 450 K 

0.4 kmol/s 

(a) The volume and mass flow rates may be determined from ideal gas relation as 




NRJi 

p 


(0.4 kmol/s )(8.3 14 kPa.m 3 /kmol.K)(500 K) 
3000 kPa 


0.5543m 3 /s 


m _ (3000 kPa)(0.5543 m 3 / s) u /g 

R'I\ (0. 1 889 kPa. m 3 /kg. K)(500 K) 


The density is 


Pi 





(17.60kg/s) 3 

— = 31 .76kg/m 

(0.5543 m 3 /s) 


(b) The volume flow rate at the exit is 



nr„t 2 

p 


(0.4 kmol/s)(8.3 14 kPa.m 3 /kmol.K)(450 K) 
3000 kPa 


0.4988m 3 /s 
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3-110 A tank contains argon at a specified state. Heat is transferred from argon until it reaches a specified temperature. The 
final gage pressure of the argon is to be determined. 

Assumptions 1 Argon is an ideal gas. 

Properties The local atmospheric pressure is given to be 100 kPa. 

Analysis Noting that the specific volume of argon in the tank remains constant, 
from ideal gas relation, we have 

T ? (300 + 273)K 

P ? =P } — = (200 + 100kPa)- — = 196.9 kPa 

T x (600 + 273)K 

Then the gage pressure becomes 

^gage,2 = P 2 - Pam = 196.9 - 100 = 96.9 kPa 



3-111 The cylinder conditions before the heat addition process is specified. The pressure after the heat addition process is 
to be determined. 


Assumptions 1 The contents of cylinder are approximated by the air properties. 
2 Air is an ideal gas. 


Analysis The final pressure may be determined from the ideal gas relation 



Tn 


Z 


P 


f 1750 + 273 K 
v 450 + 273 K 


\ 

(1200 kPa) = 3358kPa 


Combustion 
chamber 
1.2 MPa 
450°C 


3-112 A rigid container that is filled with R- 13a is heated. The initial pressure and the final temperature are to be 
determined. 


Analysis The initial specific volume is 0.090 m /kg. Using this with 
the initial temperature reveals that the initial state is a mixture. The 
initial pressure is then the saturation pressure, 


T x = -40°C 
i/, = 0.090 m 3 /kg 


Pi =^sat@-4(FC =51.25kPa (Table A- 11) 


This is a constant volume cooling process (i/= l //m = constant). The final 
state is superheated vapor and the final temperature is then 


P 2 = 280 kPa 

i/ 2 = = 0.090 m 3 /kg 


\ T 2 = 50°C (Table A -13) 


R-134a 
-40°C 
1 kg 

0.090 m 3 
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3-113 The refrigerant in a rigid tank is allowed to cool. The pressure at which the refrigerant starts condensing is to be 
determined, and the process is to be shown on a P-v diagram. 


Analysis This is a constant volume process ((/ = C//m = constant), and the specific 
volume is determined to be 



0.117 m 3 
1 kg 


= 0.117 m 3 /kg 


When the refrigerant starts condensing, the tank will contain saturated 
vapor only. Thus, 

i/ 2 = v g =0.1 17 m 3 /kg 

The pressure at this point is the pressure that corresponds to this i/ ? value, 
P ? =P 0 ni1 „ 3/l =170kPa 

^ sat@i/ =0.1 17m /kg 

© 


R-134a 
240 kPa 



3-114E A piston-cylinder device that is filled with water is cooled. The final pressure and volume of the water are to be 
determined. 


Analysis The initial specific volume is 


i/i = 


y 

m 


2.649 ft 3 
1 lbm 


= 2.649 ft 3 /lbm 


This is a constant-pressure process. The initial state is determined to be 
superheated vapor and thus the pressure is determined to be 


T x = 400°F 

= 2.649 ft 3 /lbm 


p x =p 2 =180psia (T able A - 6E) 


The saturation temperature at 180 psia is 373. 1°F. Since the final 
temperature is less than this temperature, the final state is compressed 
liquid. Using the incompressible liquid approximation, 

v 2 ={/ f@ io(ff =0.01613 ft 3 /lbm (TableA-4E) 

The final volume is then 

l/ 2 =mv 2 = (llbm)(0.01613ft 3 /lbm) = 0.01613ft 3 
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3-115 Ethane is heated at constant pressure. The final temperature is to be determined using ideal gas equation and the 
compressibility charts. 

Properties The gas constant, the critical pressure, and the critical temperature of ethane are, from Table A-l, 

R = 0.2765 kPam 3 /kgK, T„= 305.5 K, P cr = 4.48 MPa 

Analysis From the ideal gas equation, 


i/ 


T 2 =T x -^ = (373 K)(1.6) = 596.8K 




From the compressibility chart at the initial state (Fig. A- 15), 
T x 373 K 


Tr\ = 


77. 305.5 K 


= 1.221 


cr 


10 MPa =2232 
P cr 4.48 MPa 


Z x =0.61, v Rl =0.35 


At the final state, 


Pri ~ Pr\ ~ 2-232 

v R7 =1.6«/ni =1.6(0.35) = 0.56 


Z 2 =0.83 



Q 


Thus, 


^ 2^2 

z 2 r 


^2 VRiTct 

^cr 


10,000 kPa (0.56)(305.5 K) 
083 4480 kPa 


= 460 K 


Of these two results, the accuracy of the second result is limited by the accuracy with which the charts may be read. 
Accepting the error associated with reading charts, the second temperature is the more accurate. 


3-116 A large tank contains nitrogen at a specified temperature and pressure. Now some nitrogen is allowed to escape, and 
the temperature and pressure of nitrogen drop to new values. The amount of nitrogen that has escaped is to be determined. 

Properties The gas constant for nitrogen is 0.2968 kPa m /kg-K (Table A-l). 


Analysis Treating N 2 as an ideal gas, the initial and the final masses in the tank are determined to be 


PiV (600 kPa)(13 m 3 ) nn ^ , 

m x = = = 90.62 kg 

RT X (0.2968kPa • m 7kg • K)(290 K) 

P 2 V (400 kPa)(13 m 3 ) (Cn0/11 

m 2 = = = 60.84 k 

RT 2 (0.2968 kPa • m 3 /kg • K)(278 K) 

Thus the amount of N 2 that escaped is 

Am = m x — m 2 = 90.62 — 60.84 = 29.8 kg 


A 

fin 


N 2 

600 kPa 
17°C 
13 m 3 
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3-117 Superheated refrigerant- 134a is cooled at constant pressure until it exists as a compressed liquid. The changes in total 
volume and internal energy are to be determined, and the process is to be shown on a T-v diagram. 

Analysis The refrigerant is a superheated vapor at the initial state and a compressed liquid at the final state. From Tables A- 
13 and A-l 1, 


Thus, 

(b) 

(c) 


P x =1.2 MPa 
T x = 70°C 


u x =277.23 kJ/kg 
c/j = 0.019502 m 3 /kg 


P 2 =1.2 MPa 
T 2 = 20°C 


U 2- U f@20°C = 78 - 85 kJ/kg 
^2 = C/ / @20°C = 0 - 0008160m3/k g 


R-134a 
70°C 
1.2 MPa 


M/ = m(y 2 - t/j ) = (10 kg)(0. 0008 160 - 0.019502) m 3 /kg = -0.1 87m 3 
A U = m(u 2 - u x ) = (10 kg)(78. 85 - 277.23) kJ/kg = -1 984 kJ 



3-118 The rigid tank contains saturated liquid- vapor mixture of water. The mixture is heated until it exists in a single phase. 
For a given tank volume, it is to be determined if the final phase is a liquid or a vapor. 

Analysis This is a constant volume process (i/ = t//m = constant), and thus the final specific volume will be equal to the 
initial specific volume, 


3 

The critical specific volume of water is 0.003106 m /kg. Thus if the final specific 
volume is smaller than this value, the water will exist as a liquid, otherwise as a vapor. 

(/ = 4L ></ = — = m = 0.002 m 3 /kg < c/ cr Thus, liquid. 

m 2 kg 


V 0.4 nr o 

(/ = 400L >i/ = — = = 0.2 m 3 /kg> i/ cr . Thus, vapor. 

m 2 kg 


h 2 o 

C/= 4 L 
m = 2 kg 

T=50°C 
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3-119 The pressure in an automobile tire increases during a trip while its volume remains constant. The percent increase in 
the absolute temperature of the air in the tire is to be determined. 

Assumptions 1 The volume of the tire remains constant. 2 Air is an ideal gas. 

T i rp 

Properties The local atmospheric pressure is 90 kPa. 

200 kPa 

Analysis The absolute pressures in the tire before and after the trip are 0.035 m 3 


= ^gage.l + ^atm = 200 + 90 = 290 kPa 

P 2 = ^gage,2 + = 220 + 90 = 3 1 0 kPa 

Noting that air is an ideal gas and the volume is constant, the ratio of absolute 
temperatures after and before the trip are 

P\V\ _ ^ 2^2 > ^2 _ ^2 _ 310kPa _ | 

T x T 2 T x P x 290 kPa 

Therefore, the absolute temperature of air in the tire will increase by 6 . 9 % during 



3-120 A piston-cylinder device contains steam at a specified state. Steam is cooled at constant pressure. The volume change 
is to be determined using compressibility factor. 

Properties The gas constant, the critical pressure, and the critical temperature of steam are 
R = 0.4615 kPam 3 /kgK, T cr = 647.1 K, P cr = 22.06 MPa 
Analysis The exact solution is given by the following: 

P = 200 kPa 


T x = 300°C 
P = 200 kPa 
r 2 =i50°c 


> v x =1.31623 m /kg 


(Table A-6) 


i/ 2 =0.95986 m 3 /kg 


AV exact = ~ v 2 > = (0.2kg)(1.31623 - 0.95986)m 3 /kg = 0.071 28m 3 

Using compressibility chart (EES function for compressibility factor is used) 


Pr = 


P, 


P 


Tra = 


0.2 MPa 
22.06 MPa 
300 + 273 K 


T 


cr 


p -A- 

r R - - 


647. IK 
0.2 MPa 


= 0.0091 

= 0.886 


Zj = 0.9956 


Tr , 2 “ 


P.. 22.06 MPa 

2 150 + 273 K 


cr 

T, 


T 


cr 


647. IK 


= 0.0091 
= 0.65 


Z 2 = 0.9897 



#y _ Z x mRT x _ (0.9956)(0.2 kg)(0.4615 kPa • m 3 /kg • K)(300 + 273 K) _ A 

V] — — — U . A j 

P x (200 kPa) 

_ Z 2 mRT 2 _ (0.9897)(0.2 kg)(0.4615 kPa • m 3 /kg • K)(150 + 273 K) 

In — — — 


nr 


Pn 


(200 kPa) 


= 0. 1932m 


At/ Chart = i/ x ~{/ 2 =0.2633-0.1932 = 0.07006m 3 , Error : 1.7% 
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3-121 The temperature of steam in a tank at a specified state is to be determined using the ideal gas relation, the 
generalized chart, and the steam tables. 

Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-l, 

R = 0.4615 kPa- m 3 /kg • K, T a = 647. 1 K, P a = 22. 06 MPa 


Analysis (a) From the ideal gas equation of state, 

p _RT = (0.4615 kPa-m 3 /kg-K)(673 K) ^ 529k p 3 

0.02m 3 /kg 


( b ) From the compressibility chart (Fig. A- 15a), 


Tr = 


Vr = 


T 673 K 


T cr 647. IK 


= 1.040 


^actual 

RT IP 

nx cr ' J cr 


(0.02 m 3 /kg)(22,060 kPa) 
(0.4615 kPa • m 3 /kg • K)(647. 1 K) 


P R = 0.57 


= 1.48 


h 2 o 

0.02 m 3 /kg 
400°C 


Thus, 


p = p R P cr = 0.57 x 22,060 = 1 2,574kPa 


(c) From the superheated 

T = 400°C 
v = 0.02 m 3 /kg 


steam table, 

|p = 12,515kPa 


(from EES) 


3-122 One section of a tank is filled with saturated liquid R-134a while the other side is evacuated. The partition is 
removed, and the temperature and pressure in the tank are measured. The volume of the tank is to be determined. 


Analysis The mass of the refrigerant contained in the tank is 


Vi 

m = — = 


0.03 m 


0.0008580 m /kg 


= 34.96 kg 


since 

v i — ^ f @ 0.9 MPa = 0.0008580m 3 /kg 
At the final state (Table A- 13), 


R-134a 


P =0.9 MPa 

Evacuated 

C/=0.03 m 3 



P 2 = 280 kPa 
T 2 = 20°C 


(/ 2 =0.07997 m 3 /kg 


Thus, 

l/ tank =(/ 2 = mu 2 = (34.96 kg)(0. 07997 m 3 /kg) = 2.80 m 3 
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3-123 “ rrm Problem 3-122 is reconsidered. The effect of the initial pressure of refrigerant- 1 34 on the volume of the tank is 
to be investigated as the initial pressure varies from 0.5 MPa to 1.5 MPa. The volume of the tank is to be plotted versus the 
initial pressure, and the results are to be discussed. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given Data" 
x_1=0.0 

Vol_1=0.03 [m A 3] 
P_1=1200 [kPa] 
T_2=30 [C] 
P_2=400 [kPa] 


"Solution" 

v_1=volume(R134a,P=P_1,x=x_1) 

Vol_1=m*v_1 

v_2=volume(R1 34a,P=P_2,T=T_2) 
Vol 2=m*v 2 



Pi 

[kPal 

Vol 2 

[m 3 l 

500 

2.977 

600 

2.926 

700 

2.88 

800 

2.837 

900 

2.796 

1000 

2.757 

1100 

2.721 

1200 

2.685 

1300 

2.651 

1400 

2.617 

1500 

2.584 


Pt [kPa] 
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3-124 A propane tank contains 5 L of liquid propane at the ambient temperature. Now a leak develops at the top of the tank 
and propane starts to leak out. The temperature of propane when the pressure drops to 1 atm and the amount of heat 
transferred to the tank by the time the entire propane in the tank is vaporized are to be determined. 

Properties The properties of propane at 1 atm are T sat = -42.1°C, p - 581 kg/m 3 , and h ig = 427.8 kJ/kg (Table A-3). 

Analysis The temperature of propane when the pressure drops 
to 1 atm is simply the saturation pressure at that temperature, 

T = ^sat@l atm = -42.1°C 

The initial mass of liquid propane is 

m = p V = (581 kg/m 3 )(0.005 m 3 ) = 2.905 kg 

The amount of heat absorbed is simply the total heat of vaporization, 

Absorbed = mh fg = (2.905 kg)(427.8 kJ/kg) = 1243 kj 



3-125 An isobutane tank contains 5 L of liquid isobutane at the ambient temperature. Now a leak develops at the top of the 
tank and isobutane starts to leak out. The temperature of isobutane when the pressure drops to 1 atm and the amount of heat 
transferred to the tank by the time the entire isobutane in the tank is vaporized are to be determined. 

Properties The properties of isobutane at 1 atm are T sat = -1 1.7°C, p — 593.8 kg/ m 3 , and h ig = 367.1 kJ/kg (Table A-3). 

Analysis The temperature of isobutane when the pressure drops to 1 atm is simply the saturation pressure at that 
temperature, 

T = ^sat @ 1 atm — — H«7 C 

The initial mass of liquid isobutane is 

m = p V = (593. 8 kg/m 3 )(0.005 m 3 ) = 2.969kg 

a 

The amount of heat absorbed is simply the total heat of vaporization, 

Sabsorbed = >nhf g = (2.969 kg)(367.1 kJ/kg) = 1090 kj 



3-126 A tank contains helium at a specified state. Heat is transferred to helium until it reaches a specified temperature. The 
final gage pressure of the helium is to be determined. 

Assumptions 1 Helium is an ideal gas. 

Properties The local atmospheric pressure is given to be 100 kPa. 

Analysis Noting that the specific volume of helium in the tank remains 
constant, from ideal gas relation, we have 

P 1=P J ± = (140 + 100 kPa) (3QQ + 2?3)K = 366.2 kPa 
T x (37 + 273)K 

Then the gage pressure becomes 

^gage .2 = P 2 - p *m = 366.2 - 100 = 266 kPa 
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3-127 The table is completed as follows: 


P, kPa 

T, °C 

i/, m 3 /kg 

u, kJ/kg 

Condition description and quality, if 
applicable 

300 

250 

0.7921 

2728.9 

Superheated vapor 

300 

133.52 

0.3058 

1560.0 

x = 0.504, Two-phase mixture 

101.42 

100 

- 

- 

Insufficient information 

3000 

180 

0.001127* 

761.92* 

Compressed liquid 


Approximated as saturated liquid at the given temperature of 180°C 
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3-128 Water at a specified state is contained in a piston-cylinder device fitted with stops. Water is now heated until a final 
pressure. The process will be indicated on the P-v and T- v diagrams. 


Analysis The properties at the three states are 


P x = 300 kPa 
v x = 0.5 m 3 /kg 



= 133.5°C 


(T able A - 5) 


P 2 = 300 kPa 
x 2 =1 (sat. vap.) 


>i/ 2 = 0.6058 m 3 /kg,T 2 =133.5°C 


(T able A - 5) 


P 2 = 600 kPa 
i/ 3 = 0.6058 m 3 /kg 


= 517.8°C 


(T able A - 6) 



Using Property Plot feature of EES, and by adding state points we obtain following diagrams. 
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3-129E Argon contained in a piston-cylinder device at a given state undergoes a polytropic process. The final temperature is 
to be determined using the ideal gas relation and the Beattie -Bridgeman equation. 


Analysis ( a ) The polytropic relations for an ideal gas give 


t 2 =t { 


n — 1 / n 


= (300 + 460 R) 


2000 psia 
1000 psia 


0 . 6 / 1.6 


= 986R 


( b ) The constants in the Beattie-Bridgeman equation are expressed as 


A = A n 1-- = 130.7802 1- 


0.02328 


B = B„ 1-- = 0.03931 1-- 


c = 5.99xl0 4 m 3 • K 3 /kmol 


Argon 
1000 psia 
300°F 


Substituting these coefficients into the Beattie-Bridgeman equation and using data in SI units (P 
7=760 R = 422.2 K, R u = 8.3 14 kJ/kmol-K) 


= 1000 psia = 6895 kPa, 


W)-4 




and solving using an equation solver such as EES gives 

0 = 0.5 120 m 3 /kmol = 8.201 ft 3 /lbmol 
From the polytropic equation 


- - P i 


x-nI/1.6 

= (0.5120m 3 /kmolj — 


= 0.3319 m /kmol 


Substituting this value into the Beattie-Bridgeman equation and using data in SI units ( P = 2000 psia 
8.314 kJ/kmol-K), 


= 13790 kPa and R „ = 


P = M(i_ 0(i7 +jB )_A 

—2 —^3 v ' —2 

(/VI fT ) V 


and solving using an equation solver such as EES gives 


To = 532.2 K = 958 R 
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3-130E The specific volume of nitrogen at a given state is to be determined using the ideal gas relation, the Benedict-Webb- 
Rubin equation, and the compressibility factor. 

Properties The properties of nitrogen are (Table A- IE) 

R = 0.3830 psia ft 3 /lbm R, M = 28.013 lbm/lbmol, T cr = 227.1 R, P cr = 492 psia 

Analysis {a) From the ideal gas equation of state, 


RT (0.3830 psia -ft 3 /lbm-R)(360 R) _ _ . . 3 ,« . 

«/ = — = = 0.3447ft J /lbm 

P 400 psia 

( b ) Using the coefficients of Table 3-4 for nitrogen and the given data in SI units, the 
Benedict-Webb-Rubin equation of state is 

P= M + f w _ 4 _^ll + M^ + ^ + ^f 1+ ^ exp( _ r/i7 2 ) 


Nitrogen 
400 psia, -100°F 


T v 


U J r T 1 * 

c/ i / T 


2758 = (8.314X200) + 0 04074 x 8 314 x 200 _ 106 . 73 _ 8.164x10- ^ + 0,002328x8.314x200-2.54 

200 2 c7 2 • _t3 


2.54x1. 272 xlO -4 7.379 xlO 4 


0.0053 


+ ^ =- 1 + exp(-0.0053/ c7 ) 

t7 3 (200) 2 V v ) 


The solution of this equation by an equation solver such as EES gives 


i/ = 0.5666 m 3 /kmol 


Then, 


i/ 0.5666 m 3 /kmolfl6. 02ft 3 /lbm > ) ~ 00/ir ,,. 3 

u = — = = 0.3240ft J /lbm 

M 28.013 kg/kmol ^ lm 3 /kg y 

(c) From the compressibility chart (Fig. A- 15), 


T r = — = 360 R =1.585 
T a 227. 1R 


Pr = 


P 400 psia 

P cr 492 psia 


Z= 0.94 


= 0.813 


Thus, 


1 / = z w jdeal = (0.94X0.3447 ft 3 /lbm) = 0.3240ft 3 /lbm 
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3-131 A hot air balloon with 3 people in its cage is hanging still in the air. The average temperature of the air in the balloon 
for two environment temperatures is to be determined. 

Assumptions Air is an ideal gas. 

Properties The gas constant of air is R = 0.287 kPa.mVkg.K (Table A-l). 

Analysis The buoyancy force acting on the balloon is . 


Walloon = 4^r 3 / 3 = 4;r(10m) 3 /3 = 4189m 3 

P 90 kPa , n6Qt , < 

/Tool air = = * = 1 .089 kg/m 

RT (0.287 kPa • m 3 /kg • K)(288 K) 


Pcoo\ air<? Walloon 

= (1.089 kg/m 3 )(9.8 m/s 2 )(4189 m 3 ) 


The vertical force balance on the balloon gives 
F n = w^ • + W +W 

1 B rr hotair 1 rr cage 1 rr people 


lkg • m/s' 


= 44,700 N 


(^hotair ~*~^cage ^people ) 8 


Substituting, 


44,700 N = (m hotair + 80 kg +195 kg)(9.8 m/s 2 ) 


lkg • m/s' 


which gives 

"'hotair = 4287 kg 


Hot air balloon 
D = 20 m 


P atm = 90 kPa 
T=15°C , 



m cage = 80 kg 


Therefore, the average temperature of the air in the balloon is 


PV (90 kPa)(4189 m 3 ) 

mR (4287 kg)(0.287 kPa • m 3 /kg • K) 


306.5 K 


Repeating the solution above for an atmospheric air temperature of 30°C gives 323.6 K for the average air temperature in 
the balloon. 
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3-132 ““ Problem 3-131 is to be reconsidered. The effect of the environment temperature on the average air temperature 
in the balloon when the balloon is suspended in the air is to be investigated as the environment temperature varies from - 
10°C to 30°C. The average air temperature in the balloon is to be plotted versus the environment temperature. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given Data:" 

"atm — atmosphere about balloon" 
"gas — heated air inside balloon" 
g=9.807 [m/s A 2] 
d_balloon=20 [m] 
m cage = 80 [kg] 
m_1person=65 [kg] 

NoPeople = 6 
{T_atm_Celsius = 15 [C]} 

Tatm =T_atm_Celsius+273 "[K]" 
Patm = 90 [kPa] 

R=0.287 [kJ/kg-K] 

Pgas = Patm 

T_gas_Celsius=T_gas - 273 "[C]" 


"Calculated values:" 


P_atm= rho_atm*R*T_atm "rho_atm = density of air outside balloon" 

P_gas= rho_gas*R*T_gas "rho_gas = density of gas inside balloon" 

r_balloon=d_balloon/2 

V_balloon=4*pi*r_balloon A 3/3 

m_people=NoPeople*m_1 person 

m_gas=rho_gas*V_balloon 

m_total=m_gas+m_people+m_cage 

"The total weight of balloon, people, and cage is:" 

W_tota I = m_tota I *g 

"The buoyancy force acting on the balloon, F_b, is equal to the weight of the air displaced by the balloon." 
F_b=rho_atm*V_balloon*g 

"From the free body diagram of the balloon, the balancing vertical forces must equal the product of the total mass 


and the vertical acceleration:" 

F b- W tota I = m tota I *a u p 

a_up = 0 "The balloon is hanging still in the air" 


Tatm.Celcius [C] 

Taas.Celcius [C] 

-10 

17.32 

-5 

23.42 

0 

29.55 

5 

35.71 

10 

41.89 

15 

48.09 

20 

54.31 

25 

60.57 

30 

66.84 
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3-133 A hot air balloon with 2 people in its cage is about to take off. The average temperature of the air in the balloon for 
two environment temperatures is to be determined. 


Assumptions Air is an ideal gas. 

Properties The gas constant of air is R = 0.287 kPa.m /kg.K. 
Analysis The buoyancy force acting on the balloon is 


^balloon = 4k r 3 / 3 = 4k(9 m) 3 13 = 3054 m 3 


Pcoolair 


P 


93 kPa 


RT (0.287 kPa • nr 3 /kg • K)(285 K) 


= 1. 137 kg/m 


F B Pcoolair & ^balloon 

= (1.137 kg/m 3 )(9.8 m/s 2 )(3054 m 3 ) 


IN 


1 kg • m/s 


= 34,029 N 


The vertical force balance on the balloon gives 
F n = w. . + w +W 

± B rr hotair 1 rr cage 1 rr people 

= (™hotair +> M cage +m people)S 

Substituting, 

34,029 N = (m hotair + 120 kg + 140 kg)(9.81 m/s 2 ) 


IN 


1 kg- m/s' 


which gives 

^hotair — 3212 kg 

Therefore, the average temperature of the air in the balloon is 


T = 


Pi/ 


(93 kPa)(3054 m 3 ) 


mR (3212 kg)(0.287 kPa • m 3 /kg • K) 


= 308 K 


Hot air balloon 
D= 18 m 


P atm = 93 kPa 
T= 12°C 


^cage — 120 kg 



Repeating the solution above for an atmospheric air temperature of 25 °C gives 323 K for the average air temperature in the 
balloon. 
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3* aa « aa a aaa 

3-134 A 300-m rigid tank is filled with saturated liquid-vapor mixture of water at 200 kPa. If 25% of the mass is liquid 
and the 75% of the mass is vapor, the total mass in the tank is 

(a) 451 kg (b) 556 kg (c) 300 kg (d) 331 kg (e) 195 kg 


Answer (a) 45 1 kg 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

V_tank=300 "m3" 

PI =200 "kPa" 
x=0.75 

v_f=VOLUME(Steam_IAPWS, x=0,P=P1) 
v_g=VOLUME(Steam JAPWS, x=1 ,P=P1 ) 
v=v_f+x*(v_g-v_f) 
m=V_tank/v "kg" 

"Some Wrong Solutions with Common Mistakes:" 

R=0.4615 "kJ/kg.K" 

T=TEMPERATURE(Steam_IAPWS,x=0,P=P1 ) 

P1*V_tank=W1_m*R*(T+273) "Treating steam as ideal gas" 

P1*V_tank=W2_m*R*T "Treating steam as ideal gas and using deg.C" 

W3_m=V_tank "Taking the density to be 1 kg/m A 3" 


3-135 Water is boiled at 1 atm pressure in a coffee maker equipped with an immersion-type electric heating element. The 
coffee maker initially contains 1 kg of water. Once boiling started, it is observed that half of the water in the coffee maker 
evaporated in 10 minutes. If the heat loss from the coffee maker is negligible, the power rating of the heating element is 

(a) 3.8 kW (b) 2.2 kW (c)1.9kW (d)1.6kW (e) 0.8 kW 


Answer (c) 1.9 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

m_1=1 "kg" 

P=101 .325 "kPa" 

time=10*60 "s" 

m_evap=0.5*m_1 

Power*time=m_evap*h_fg "kJ" 

h_f=ENTHALPY(Steam_IAPWS, x=0,P=P) 

h_g=ENTHALPY(Steam_IAPWS, x=1 ,P=P) 

h_fg=h_g-h_f 

"Some Wrong Solutions with Common Mistakes:" 

W1_Power*time=m_evap*h_g "Using h_g" 

W2_Power*time/60=m_evap*h_g "Using minutes instead of seconds for time" 

W3_Power=2*Power "Assuming all the water evaporates" 
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3-136 A 1-m 3 rigid tank contains 10 kg of water (in any phase or phases) at 160°C. The pressure in the tank is 
(a) 738 kPa (b) 618 kPa (c) 370 kPa (d) 2000 kPa (e) 1618 kPa 


Answer (b)618kPa 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

V_tank=1 "m A 3" 
m=10 "kg" 
v=V_tank/m 
T=1 60 "C" 

P=PRESSURE(Steam_IAPWS,v=v,T=T) 

"Some Wrong Solutions with Common Mistakes:" 

R=0.4615 "kJ/kg.K" 

W1_P*V_tank=m*R*(T+273) "Treating steam as ideal gas" 

W2_P*V_tank=m*R*T "Treating steam as ideal gas and using deg.C" 


3-137 Water is boiling at 1 atm pressure in a stainless steel pan on an electric range. It is observed that 2 kg of liquid 
water evaporates in 30 minutes. The rate of heat transfer to the water is 

(a) 2.51 kW (b) 2.32 kW (c) 2.97 kW (d) 0.47 kW (e)3.12kW 


Answer (a) 2.51 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

m_evap=2 "kg" 

P=1 01 .325 "kPa" 
time=30*60 "s" 

Q*time=m_evap*h_fg "kJ" 
h_f=ENTHALPY(Steam_IAPWS, x=0,P=P) 
h_g=ENTHALPY(Steam_IAPWS, x=1 ,P=P) 
h_f g = h_g - h_f 

"Some Wrong Solutions with Common Mistakes:" 

W1_Q*time=m_evap*h_g "Using h_g" 

W2_Q*time/60=m_evap*h_g "Using minutes instead of seconds for time" 

W3_Q*time=m_evap*h_f "Using h_f" 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


3-77 


3-138 Water is boiled in a pan on a stove at sea level. During 10 min of boiling, its is observed that 200 g of water has 
evaporated. Then the rate of heat transfer to the water is 

(a) 0.84 kJ/min (b) 45.1 kJ/min (c) 41.8 kJ/min (d) 53.5 kJ/min (e) 225.7 kJ/min 


Answer (b)45.1 kJ/min 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

m_evap=0.2 "kg" 

P=1 01 .325 "kPa" 
time=10 "min" 

Q*time=m_evap*h_fg "kJ" 
h_f=ENTHALPY(Steam_IAPWS, x=0,P=P) 
h_g=ENTHALPY(Steam_IAPWS, x=1 ,P=P) 
h_fg=h_g-h_f 

"Some Wrong Solutions with Common Mistakes:" 

W1_Q*time=m_evap*h_g "Using h_g" 

W2_Q*time*60=m_evap*h_g "Using seconds instead of minutes for time" 

W3_Q*time=m_evap*h_f "Using h_f" 


• • 3 • • • • 

3-139 A rigid 3-m rigid vessel contains steam at 4 MPa and 500°C. The mass of the steam is 
(a) 3 kg (b) 9 kg (c) 26 kg (d) 35 kg (e) 52 kg 


Answer (d) 35 kg 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

V=3 "m A 3" 
m=V/v1 "m A 3/kg" 

PI =4000 "kPa" 

T1=500 "C" 

vl =VOLUME(Steam_IAPWS,T=T1 ,P=P1 ) 

"Some Wrong Solutions with Common Mistakes:" 

R=0.4615 "kJ/kg.K" 

P1*V=W1_m*R*(T1+273) "Treating steam as ideal gas" 

P1*V=W2_m*R*T1 "Treating steam as ideal gas and using deg.C" 
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3-140 Consider a sealed can that is filled with refrigerant- 1 34a. The contents of the can are at the room temperature of 
25 °C. Now a leak developes, and the pressure in the can drops to the local atmospheric pressure of 90 kPa. The 
temperature of the refrigerant in the can is expected to drop to (rounded to the nearest integer) 

(a) 0°C (b) -29°C (c)-16°C (d) 5°C (e) 25°C 


Answer (b) -29°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1=25 "C" 

P2=90 M kPa M 

T2=TEMPERATURE(R1 34a,x=0,P=P2) 

"Some Wrong Solutions with Common Mistakes:" 

W1_T2=T1 "Assuming temperature remains constant" 


3-141 A rigid tank contains 2 kg of an ideal gas at 4 atm and 40°C. Now a valve is opened, and half of mass of the gas is 
allowed to escape. If the final pressure in the tank is 2.2 atm, the final temperature in the tank is 

(a) 71°C (b) 44 °C (c) -100°C (d) 20°C (e) 172°C 


Answer (a) 71°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

"When R=constant and V= constant, P1/P2=m1*T1/m2*T2" 
ml =2 "kg" 

PI =4 "atm" 

P2=2.2 "atm" 

T1 =40+273 "K" 
m2=0.5*m1 "kg" 

P1/P2=m1*T1/(m2*T2) 

T2_C=T2-273 "C" 

"Some Wrong Solutions with Common Mistakes:" 

PI /P2=m1*(T 1 -273)/(m2*W 1 _T2) "Using C instead of K" 

P1/P2=m1*T1/(m1*(W2_T2+273)) "Disregarding the decrease in mass" 

P1/P2=m1*T1/(m1*W3_T2) "Disregarding the decrease in mass, and not converting to deg. C" 
W4_T2=(T1-273)/2 "Taking T2 to be half of T1 since half of the mass is discharged" 
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3-142 The pressure of an automobile tire is measured to be 190 kPa (gage) before a trip and 215 kPa (gage) after the trip at 
a location where the atmospheric pressure is 95 kPa. If the temperature of air in the tire before the trip is 25 °C, the air 
temperature after the trip is 

(a) 5 1 . 1°C (b) 64.2°C (c) 27.2°C (d) 28.3°C (e) 25.0°C 


Answer (a)51.1°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

"When R, V, and m are constant, P1/P2=T1/T2" 

Patm=95 

P1=190+Patm "kPa" 

P2=215+Patm "kPa" 

T1 =25+273 "K" 

P1/P2=T1/T2 
T2_C=T2-273 "C" 

"Some Wrong Solutions with Common Mistakes:" 

P1/P2=(T 1 -273)/W1_T2 "Using C instead of K" 

(P1-Patm)/(P2-Patm)=T1/(W2_T2+273) "Using gage pressure instead of absolute pressure" 
(P1-Patm)/(P2-Patm)=(T1-273)/W3_T2 "Making both of the mistakes above" 

W4_T2=T1-273 "Assuming the temperature to remain constant" 


3-143 ... 3-145 Design and Essay Problems 


3-145 It is helium. 
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Moving Boundary Work 


4-2 


4- 1C The area under the process curve, and thus the boundary work done, is greater in the constant pressure case. 


4-2 Nitrogen gas in a cylinder is compressed at constant temperature until its pressure rises to a specified value. The 
boundary work done during this process is to be determined. 

Assumptions 1 The process is quasi-equilibrium. 2 Nitrogen is an ideal gas. 

Analysis The boundary work is determined from its definition to be 

= f ~ PdV = PVAn— =PM In— 

Ji </, P 2 

/ \/ ... A 


A 


W, 


b, out 


= (150 kPa)(0.2 nr 3 ) 


In 


150 kPa 


lkJ 


A 


lkPa-m 3 


800 kPa 

\ 

= -50.2 kj 

Discussion The negative sign indicates that work is done on the system (work input). 



■> 1 / 


4-3 Helium is compressed in a piston-cylinder device. The initial and final temperatures of helium and the work required to 
compress it are to be determined. 

Assumptions The process is quasi-equilibrium. 

Properties The gas constant of helium is R = 2.0769 kJ/kg-K (Table A-l). 

Analysis The initial specific volume is 


C/i 5 m 


= — = 
m 


lkg 

Using the ideal gas equation, 


= 5 m /kg 




P x v x (180kPa)(5m7kg) 


= 433. 3K 


R 2.0769 kJ/kg-K 

Since the pressure stays constant, 

II r\ 3 

T 2 =^T, = — 7 (433.3 K) = 173.3K 
" V\ 5m 3 

and the work integral expression gives 

2 


P 

(kPa) 


180 


A 





,, out = J PdV = P(V 2 - ^ ) = (180 kPa)(2 - 5) nr 


lkJ 


1 kPa • m 


= -540 kJ 


> 

7 {/ (m 3 ) 


That is, W b in = 540 kj 
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4-4E The boundary work done during the process shown in the figure is to be determined. 
Assumptions The process is quasi-equilibrium. 


Analysis The work done is equal to the the sumof the areas 
under the process lines 1-2 and 2-3: 

w b , 0 ut = Area = TliiL ( </ 2 -</,) + P 2 (t / 3 - U 2 ) 

(300 + 15)psi a , N * 3 / IBtu ) 

= (3.3-1) ft ) 

2 5.404 psia- ft 3 ) 

+ (300 psia)(2 -3.3)11 3 

l v 5.404psia-ft 3 J 

= -5.14Btu 



1 2 3.3 1/ (ft 3 ) 


The negative sign shows that the work is done on the system. 


4-5 A piston-cylinder device contains nitrogen gas at a specified state. The boundary work is to be determined for the 
polytropic expansion of nitrogen. 

Properties The gas constant for nitrogen is 0.2968 kJ/kg.K (Table A-2). 

Analysis The mass and volume of nitrogen at the final state are 

PM (130 kPa)(0.07 m 3 ) n , 

m = — — = = 0.07802 kg 

RT X (0.2968 kJ/kg.K)(120 + 273 K) 

_ mRT 2 _ (0,07802 kg)(0.2968kPa.m 3 /kg.K)(100 + 273 K) 

2 ~ P 2 100 kPa 

The polytropic index is determined from 

Py i" =P 2 V " >( 1 30 kPa)(0.07 m 3 )" =(100kPa)(0.08637m 3 )" >77 = 1.249 

The boundary work is determined from 

_ P 2 V 2 - Py _ (100kPa)(0.08637m 3 )-(130kPa)(0.07m 3 ) _ 1 ggkJ 
b ~ I-?; ~ 1-1.249 
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4-6 A piston-cylinder device with a set of stops contains steam at a specified state. Now, the steam is cooled. The 
compression work for two cases and the final temperature are to be determined. 

Analysis (a) The specific volumes for the initial and final states are (Table A-6) 

o P ? = 1 MPa] o 

i/, = 0.30661 m 3 /kg 2 = 0.23275 m 3 /kg 

T 2 = 250°C 

Noting that pressure is constant during the process, the boundary work 
is determined from 

W h = mP( I/, - 1/ 2 ) = (0.6 kg)( 1000 kPa)(0.30661 - 0.23275)m 3 /kg = 44.3kJ 

(b) The volume of the cylinder at the final state is 40% of initial volume. Then, the 
boundary work becomes 

W b = mP(</, - 0.40 c/ x ) = (0.6 kg)(1000 kPa)(0.30661 - 0.40 x 0.3066 l)m 3 /kg = 1 1 0.4kJ 
The temperature at the final state is 
P ? = 0.5 MPa 

, ^r 2 =151.8PC (Table A-5) 

t/ =(0.40x0.30661) = 0.1226 m 3 /kg 


P x = 1 MPa 
T x = 400°C 
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4-8 Saturated water vapor in a cylinder is heated at constant pressure until its temperature rises to a specified value. The 
boundary work done during this process is to be determined. 

Assumptions The process is quasi-equilibrium. 

Properties Noting that the pressure remains constant during this process, the specific volumes at the initial and the final 
states are (Table A-4 through A-6) 


P x = 300 kPa 
Sat. vapor 
P 2 = 300 kPa 
T 2 = 200°C 


=^ 2 @ sookPa = 0.60582m /kg 


i/ 2 = 0.71643 m 7kg 


Analysis The boundary work is determined from its definition to be 

2 


WVout = |j PdV = P(V 2 -Vi) = mP(v 2 - V, ) 

= (5 kg)(300 kPa)(0. 71643 - 0.60582) m 3 /kg 

=166 kJ 


P 

(kPa) 


300 



' lkJ A 
lkPam 3 


> 1 / 


Discussion The positive sign indicates that work is done by the system (work output). 


4-9 Water is expanded isothermally in a closed system. The work produced is to be determined. 
Assumptions The process is quasi-equilibrium. 

Analysis From water table 


- ^2 ~ ^sat @ 20 cpc - 1554.9 kPa 
^1 = «/ f @ 2 ocpc = °- 001 157 m 3 /kg 

V 2 =Vf+XV fg 

= 0.001 157 + 0.80(0.12721-0.001 157) 
= 0. 10200 m 3 /kg 


The definition of specific volume gives 





- (1 m 3 ) 


0. 10200 m 3 /kg 
0.001157 m 3 /kg 


= 88.16 m 3 


P 

(kPa) 


A 


1555 



1 88.16 1/ (m 3 ) 


The work done during the process is determined from 

W^out = J 2 Pd V = P(V 2 -(/, ) = (1554.9 kPa)(88. 16 -l)m 


lkJ 
lkPa-m 3 ) 


= 1.355x10 s kJ 
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4-10 A gas in a cylinder is compressed to a specified volume in a process during which the pressure changes linearly with 
volume. The boundary work done during this process is to be determined by plotting the process on a P- 1/ diagram and also 
by integration. 

Assumptions The process is quasi-equilibrium. 

Analysis ( a ) The pressure of the gas changes linearly with volume, and thus the process curve on a P- 1/ diagram will be a 
straight line. The boundary work during this process is simply the area under the process curve, which is a trapezoidal. Thus, 


and 


P x = a (/j + b = (-1200 kPa/m 3 )(0.42 m 3 ) + (600 kPa) = 96 kPa 
P 2 = a l/ 2 +b = (-1200 kPa/m 3 )(0. 12 m 3 ) + (600 kPa) = 456 kPa 


W*. out = Are 3 = 


P, + P-. 


(v-m 


= (96 + 456)kPa 42 3 

2 

= -82.8 kj 


lkJ 

lkPam 3 


P 



V 

(m 3 ) 


(b) The boundary work can also be determined by integration to be 

f 2 f 2 v? - pf 

W 6 out=[ PdV=\ (aV + b)dV = a 2 1 + b(V 2 -V l ) 

Ji Ji 2 

tO 12“ 0 42 2 fm 6 

= (-1200 kPa/m 3 ) — ^ + (600 kPa)(0. 12 -0.42)m 3 

= -82.8 kj 


Discussion The negative sign indicates that work is done on the system (work input). 


GAS 

P = a 1/+ b 


4-11 Air in a cylinder is compressed at constant temperature until its pressure rises to a specified value. The boundary work 
done during this process is to be determined. 

Assumptions 1 The process is quasi-equilibrium. 2 Air is an ideal gas. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Analysis The boundary work is determined from its definition to be 

2 14 P ± 

d 

2 


W h out = f PdV = PM In -2- = mRT\n — 
b,out Ji (/, P 2 


= (1.5 kg)(0.287 kJ/kg • K)(297 K)ln 


120 kPa 
600 kPa 



= -206 kj 

Discussion The negative sign indicates that work is done on the system (work input). 


> {/ 
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4-12 A gas in a cylinder expands polytropically to a specified volume. The boundary work done during this process is 
to be determined. 

Assumptions The process is quasi-equilibrium. 

Analysis The boundary work for this polytropic process can be determined directly from 


P 2 =P X 


V^2 7 


f „ 3 \l-5 


= (350 kPa) 


0.03 m 

0.2 m 


= 20.33 kPa 


P 


and 




f 


1 — n 


(20.33 x 0.2 - 350 x 0.03) kPa • m 


lkJ 


1 kPa • m 3 


1-1.5 

= 12.9 kj 

Discussion The positive sign indicates that work is done by the system (work output). 
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4-13 



Problem 4-12 is reconsidered. The process described in the problem is to be plotted on a P- l/diagram, and the 


effect of the polytropic exponent n on the boundary work as the polytropic exponent varies from 1.1 to 1.6 is to be plotted. 
Analysis The problem is solved using EES, and the solution is given below. 


Function BoundWork(P[1 ], V[1 ],P[2], V[2],n) 

"This function returns the Boundary Work for the polytropic process. This function is required 
since the expression for boundary work depens on whether n=1 or n<>1" 

If n<>1 then 

BoundWork:=(P[2]*V[2]-P[1 ]*V[1 ])/(1 -n)"Use Equation 3-22 when n=1" 
else 

BoundWork:= P[1]*V[1]*ln(V[2]/V[1]) "Use Equation 3-20 when n=1" 
endif 
end 

"Inputs from the diagram window" 

{n=1.5 

P[1] = 350 [kPa] 

V[1] = 0.03 [m A 3] 

V[2] = 0.2 [m A 3] 

Gas$='AIFT} 

"System: The gas enclosed in the piston-cylinder device." 

"Process: Polytropic expansion or compression, P*V A n = C" 

P[2]*V[2] A n=P[1 ]*V[1 ] A n 
"n = 1 .3" "Polytropic exponent" 

"Input Data" 

W_b = BoundWork(P[1],V[1],P[2],V[2],n)"[kJ]" 

"If we modify this problem and specify the mass, then we can calculate the final temperature of 

the fluid for compression or expansion" 

m[1] = m[2] "Conservation of mass for the closed system" 

"Let's solve the problem for m[1] = 0.05 kg" 
m[1] = 0.05 [kg] 

"Find the temperatures from the pressure and specific volume." 

T[1 ]=temperature(gas$, P=P[1 ],v=V[1 ]/m[1 ]) 

T[2]=temperature(gas$,P=P[2],v=V[2]/m[2]) 
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V [m 3 ] 



n 

W h [kJl 

1.1 

18.14 

1.156 

17.25 

1.211 

16.41 

1.267 

15.63 

1.322 

14.9 

1.378 

14.22 

1.433 

13.58 

1.489 

12.98 

1.544 

12.42 

1.6 

11.89 
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4-14 Nitrogen gas in a cylinder is compressed polytropically until the temperature rises to a specified value. The boundary 
work done during this process is to be determined. 

Assumptions 1 The process is quasi-equilibrium. 2 Nitrogen is an ideal gas. 

Properties The gas constant for nitrogen is R = 0.2968 kJ/kg.K (Table A-2a) 


Analysis The boundary work for this polytropic process can be 
determined from 



P2V2 - w 

1 — n 


mR(T 2 -T { ) 
1 — n 


_ (5 kg)(0.2968 kJ/kg • K)(360 - 250)K 
1-1.4 

= -408kJ 


Discussion The negative sign indicates that work is done on 
the system (work input). 




9 # 

4-15 A gas whose equation of state is v(P + 10 / v~) = R U T expands in a cylinder isothermally to a specified volume. 
The unit of the quantity 10 and the boundary work done during this process are to be determined. 


Assumptions The process is quasi-equilibrium. 

Analysis (a) The term 10/ v must have pressure units since it is 
added to P. 

Thus the quantity 10 must have the unit kPa m /kmol . 

(b) The boundary work for this process can be determined from 

P _R„T 10 R U T 10 NR u T 10 N 2 
v v 2 V/N (I //N) 2 V l/ 2 

and 





2f NRJ ION 


2 > 


V (/ 


= NR,.T\n^ + \0N 2 

V\ 

3 


^ \ l) 

V 2 C/. 


- (0.2 kmol)(8.314 kJ/kmol • K)(350 K)ln 


4 nr 
2 m 


+ (10 kPa • m 6 /kmol 2 )(0.5kmol) 2 

= 403 kj 


1 


1 


v 4m 3 2m 3 A 


lkJ 


1 kPa • m 3 


Discussion The positive sign indicates that work is done by the system (work output). 
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4-11 


4-16 



Problem 4-15 is reconsidered. Using the integration feature, the work done is to be calculated and compared. 


and the process is to be plotted on a P- (/ diagram. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

N=0.2 [kmol] 
v1_bar=2/N "[m A 3/kmol]" 
v2_bar=4/N "[m A 3/kmol]" 

T=350 [K] 

R_u=8.314 [kJ/kmol-K] 

"The quation of state is:" 
v_bar*(P+10/v_bar A 2)=R_u*T "P is in kPa" 

"using the EES integral function, the boundary work, W_bEES, is" 

W_b_EES=N*integral(P,v_bar, v1_bar, v2_bar,0.01) 

"We can show that W_bhand= integeral of Pdv_bar is 

(one should solve for P=F(v_bar) and do the integral 'by hand' for practice)." 

W_b_hand = N*(R_u*T*ln(v2_bar/v1_bar) +10*(1/v2_bar-1/v1_bar)) 

"To plot P vs v_bar, define P_plot =f(v_bar_plot, T) as" 

{v_bar_plot*(P_plot+10/v_bar_plot A 2)=R_u*T} 

" P=P_plot and v_bar=v_bar_plot just to generate the parametric table for plotting purposes. To plot P vs v_bar 
for a new temperature or v_bar_plot range, remove the '{' and '}' from the above equation, and reset the 
v_bar_plot values in the Parametric Table. Then press F3 or select Solve Table from the Calculate menu. Next 
select New Plot Window under the Plot menu to plot the new data." 


^Dlot 

Volot 

290.9 

10 

261.8 

11.11 

238 

12.22 

218.2 

13.33 

201.4 

14.44 

187 

15.56 

174.6 

16.67 

163.7 

17.78 

154 

18.89 

145.5 

20 
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4-12 


4-17E A gas in a cylinder is heated and is allowed to expand to a specified pressure in a process during which the pressure 
changes linearly with volume. The boundary work done during this process is to be determined. 

Assumptions The process is quasi-equilibrium. 

Analysis (a) The pressure of the gas changes linearly with volume, and thus the process curve on a P-V diagram will be a 
straight line. The boundary work during this process is simply the area under the process curve, which is a trapezoidal. Thus, 

At state 1 : 


P x = a V x +b 

15 psia = (5 psia/ft 3 )(7 ft 3 ) + b 
b = -20 psia 

At state 2: 

P 2 = a i / 2 +b 

100 psia = (5 psia/ft 3 )t/ 2 + (-20 psia) 
14 = 24 ft 3 


and, 


P 



^6, out = Area = 


P, +Pn 


(V 2 ^) = 


(100 + 15)psia 


(24 - 7)ft 


1 Btu 

5.4039 psia -ft 


= 181 Btu 


Discussion The positive sign indicates that work is done by the system (work output). 


4-18 A piston-cylinder device contains nitrogen gas at a specified state. The boundary work is to be determined for the 
isothermal expansion of nitrogen. 

Properties The properties of nitrogen are R = 0.2968 kJ/kg.K , k = 1.4 (Table A-2a). 

Analysis We first determine initial and final volumes from ideal gas relation, and find the boundary work using the relation 
for isothermal expansion of an ideal gas 


^ _ mRT _ (0.4kg)(0.2968 kJ/kg.K)(140 + 273 K) _ Q 3Q61 ^ 
1 P 160 kPa ' m 


v mRT (0.4 kg)(0.2968 kJ/kg.K)(140 + 273 K) _ Q ^ m3 


P, 


100 kPa 


w h =m\ n 




= (160 kPa)(0.3064 m 3 )ln 


' 0.4903 m 3 ^ 
0.3064 m 3 


= 23.0kJ 
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4-13 


4-19E Hydrogen gas in a cylinder equipped with a spring is heated. The gas expands and compresses the spring until its 
volume doubles. The final pressure, the boundary work done by the gas, and the work done against the spring are to be 
determined, and aP-(/ diagram is to be drawn. 

Assumptions 1 The process is quasi-equilibrium. 2 Hydrogen is an ideal gas. 

Analysis (a) When the volume doubles, the spring force and the final pressure of H 2 becomes 


F = kx 2 =k — = (15,000 lbftft) = 75,000 lbf 
A 3 S - 


F , .. 75,000 lbf 1ft 

p i = p \+—r = (14.7psia)+ ^ 

A 3 ft" 144 in 2 


(b) The pressure of H 2 changes linearly with volume during this process, and 
thus the process curve on a P-V diagram will be a straight line. Then the 
boundary work during this process is simply the area under the process curve, 
which is a trapezoid. Thus, 

Wfc.out = Area = Pl+ ^ 2 (V 2 - V x ) 



= (188.3 + 14.7)psia (30 _ 15)ft 


1BtU - 1 = 281.7 Btu 

5.40395 psia-£ 3 y 


(c) If there were no spring, we would have a constant pressure process at P = 14.7 psia. The work done during this process 
would be 

W b , out^o spring =fPdV = PWz-VO 

= (14.7 psia)(30 -15) ft 3 f 1^ =40.8 Btu 

1 5.40395 psia-£ 3 


Thus, 

^spn„ g = W b -W hnospnng = 281.7 - 40.8 = 240.9 Btu 
Discussion The positive sign for boundary work indicates that work is done by the system (work output). 
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4-14 


4-20 A piston-cylinder device contains air gas at a specified state. The air undergoes a cycle with three processes. The 
boundary work for each process and the net work of the cycle are to be determined. 

Properties The properties of air are R = 0.287 kJ/kg.K , k = 1.4 (Table A-2a). 

Analysis For the isothermal expansion process: 


v _ mRT _ (0.15 kg)(0.287 kJ/kg.K)(350 + 273 K) _ QQmim 3 


P 


(2000 kPa) 


v _ mRT _ (0. 15 kg)(0.287 kJ/kg.K)(350 + 273 K) _ QQ5361 m 3 


Pn 


V2=^ln 


T7 


(500 kPa) 


= (2000 kPa)(0. 01341 m 3 )lm 


^ 0.05364 m 3 ^ 
0.01341m 3 


37.1 8kJ 



For the poly tropic compression process: 


p uri _ p tin 
r 2 V 2 - / 3 v/ 3 


■>(500 kPa)(0. 05364 m 3 ) L2 = (2000 kPa)(/ 3 


- 1.2 


->(/ 3 = 0.01690 m 




b, 2-3 


^ 3^3 ^ 2^2 

1 — n 


(2000 kPa)(0.01690 m 3 ) - (500 kPa)(0.05364 m 3 ) 

1 - 1.2 


= -34.86kJ 


For the constant pressure compression process: 

W b3 _ x =P 3 ( -C/ 3 ) = (2000 kPa)(0.01341 — 0.01690)m 3 =-6.97kJ 

The net work for the cycle is the sum of the works for each process 

Wnet =w btl _ 2 +W ^ 2 -3 + W b ^ x = 37. 18 + (-34.86) + (-6.97) = -4.65 kJ 


4-21 A saturated water mixture contained in a spring-loaded piston-cylinder device is heated until the pressure and 
temperature rises to specified values. The work done during this process is to be determined. 

Assumptions The process is quasi-equilibrium. 

Analysis The initial state is saturated mixture at 90°C. The pressure 
and the specific volume at this state are (Table A-4), 

P x = 70.183 kPa 

</ i =t 'f +xv f g 

= 0.001036 + (0. 10)(2.3593 - 0.001036) 

= 0.23686 m 3 /kg 

The final specific volume at 800 kPa and 250°C is (Table A-6) 
i/ 2 = 0.29321 m 3 /kg 

Since this is a linear process, the work done is equal to the area under the process line 1 -2: 



w*, 0ut = Area = 


^ 1+^2 


m(y 2 - i / j ) 


(70. 183 + 800 )kPa 


= 24.52kJ 


(1 kg)(0. 29321 -0.23686)m 


lkJ 


lkPa-m 
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4-15 


4-22 A saturated water mixture contained in a spring-loaded piston-cylinder device is cooled until it is saturated liquid at a 
specified temperature. The work done during this process is to be determined. 

Assumptions The process is quasi-equilibrium. 

Analysis The initial state is saturated mixture at 0.5 MPa. The specific 
volume at this state is (Table A-5), 

P 

"i = u .f + xv f g 

= 0.001093 + (0.30X0.37483 - 0.001093) 

= 0.11321 m 3 /kg 0.5 MPa 

The final state is saturated liquid at 100°C (Table A-4) 

P 2 = 101.42 kPa 
t/ 2 = i/y = 0.001043 m 3 /kg 



Since this is a linear process, the work done is equal to the area under the process line 1 -2: 


p _|_ p 

w b, out = Area = - 1 2 " 2 ' m ^2 - ^ ) 


(500 + 101.42)kPa 


= -25.3kJ 


(0.75 kg)(0.001043 - 0.1 1321)m 


lkPa • m 3 


The negative sign shows that the work is done on the system in the amount of 25.3 kJ. 
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4-16 


4-23 An ideal gas undergoes two processes in a piston-cylinder device. The process is to be sketched on a P- (/diagram; an 
expression for the ratio of the compression to expansion work is to be obtained and this ratio is to be calculated for given 
values of n and r. 

Assumptions The process is quasi-equilibrium. 

Analysis (a) The processes on a P- C/diagram is as follows: 


(b) The ratio of the compression-to-expansion work is called the 
back-work ratio BWR. 


Process 1-2: 


Wb.i-2 = {, p dV 


. _ constant , , . , . 

The process is P v - constant, , P , and the integration results in 


W> 


{/ 


P 2 V 2 ~W mR(T 2 -T x ) 


b, 1-2 


1 — n 1 — n 

where the ideal gas law has been used. However, the compression work is 

mR(T 2 ~T { ) 


^comp ^b,l-2 



n— 1 


Process 2-3: 


w b , 2-3 = J PdV 


The process is P = constant and the integration gives 

w b , M =p(.v 3 -v 2 ) 

where P = P 2 = P 3 . Using the ideal gas law, the expansion work is 
W ap =W h ' M =mR(T 3 -T 2 ) 

The back- work ratio is defined as 

mR(T 2 —T\) 


BWR = 


W, 


comp 


n — 1 


1 (T 2 -T x ) 1 T 2 (l-T X IT 2 ) 1 (1 -T x /T 2 ) 


W. 


exp 


mR(T 3 —T 2 ) n-UT 3 -T 2 ) n-1 T 2 (T 3 / T 2 - 1 ) n-l(T 3 /T 2 -l) 


Since process 1-2 is polytropic, the temperature-volume relation for the ideal gas is 


b _ 

(V 2 ) 

77—1 

rn 

T 2 

Ik J 




= r 


1-77 


where r is the compression ratio Uj/ C/ 2 . Since process 2-3 is constant pressure, the combined ideal gas law gives 




7; 


Tn 


and P 3 = P 2 , then 


3 2 

The back- work ratio becomes 


h 

T- 






= r 


BWR = 


1 (1-r 1 -") 


n — 1 (r- 1) 

(c) For n = 1.4 and r= 6, the value of the BWR is 


BWR = 


1 (1 — 6 1 1-4 ) 
1.4—1 (6-1) 


= 0.256 
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4-17 


4-24 Water in a cylinder equipped with a spring is heated and evaporated. The vapor expands until it compresses the spring 
20 cm. The final pressure and temperature, and the boundary work done are to be determined, and the process is to be 
shown on a P- (/ diagram. 

Assumptions The process is quasi-equilibrium. 

Analysis (a) The final pressure is determined from 


P 3 - P 2 + 


F 


kx 


= P 0 + — = (250 kPa) + 
A A 


(100 kN/m)(0.2 m) 


0.1m 


1 kPa 
1 kN/m 


=450kPa 


The specific and total volumes at the three states are 


T x = 25 °C 
P x = 250 kPa 


>V\ = v j (g> 25 ° c = 0.001003 m7kg 


t/j = mvj = (50 kg )(0. 001003 m 3 /kg) = 0.05 m 3 
U 2 = 0.2 m 3 

= V 2 + x 23 A p = (0.2 m 3 ) + (0.2 m)(0. 1 m 2 ) = 0.22 m 3 


i/ 3 = 


0.22 m 3 3 

- — = = 0.0044 m /kg 

m 50 kg 





At 450 kPa, <// = 0.001088 m 3 /kg and c/ ? = 0.41392 m 3 /kg. Noting that ty < < c/ ? , the final state is a saturated mixture 

and thus the final temperature is 

^3 “^sat@450kPa =147.^0 


( b ) The pressure remains constant during process 1-2 and changes linearly (a straight line) during process 2-3. Then the 
boundary work during this process is simply the total area under the process curve, 


W. 


b, out 


= Area = P x (V 2 -V x ) + 


P 2 +P 3 


(^ 3 -^ 2 ) 


(250 kPa)(0.2-0.05)m 3 + (25Q + 45Q)kPa (Q.22-0.2)m 3 


lkJ 


lkPa-m 3 


= 44.5 kj 

Discussion The positive sign indicates that work is done by the system (work output). 
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4-25 mttm Problem 4-24 is reconsidered. The effect of the spring constant on the final pressure in the cylinder and the 
boundary work done as the spring constant varies from 50 kN/m to 500 kN/m is to be investigated. The final pressure and 
the boundary work are to be plotted against the spring constant. 

Analysis The problem is solved using EES, and the solution is given below. 


P[3]=P[2]+(Spring_const)*(V[3] - V[2]) M P[3] is a linear function of V[3]" 

"where Spring_const = k/A A 2, the actual spring constant divided by the piston face area squared" 

"Input Data" 

P[1]=150 [kPa] 
m=50 [kg] 

T[1]=25 [C] 

P[2]=P[1] 

V[2]=0.2 [m A 3] 

A=0.1 [m A 2] 
k=100 [kN/m] 

DELTAx=20 [cm] 

Spring_const=k/A A 2 "[kN/m A 5]" 

V[1]=m*spvol[1] 

spvol[1]=volume(Steam_iapws,P=P[1],T=T[1]) 

V[2]=m*spvol[2] 

V[3]=V[2]+A*DELTAx*convert(cm,m) 

V[3]=m*spvol[3] 

"The temperature at state 2 is:" 

T[2]=temperature(Steam_iapws,P=P[2],v=spvol[2]) 

"The temperature at state 3 is:" 

T[3]=temperature(Steam_iapws,P=P[3],v=spvol[3]) 

Wnet_other = 0 

W_out=Wnet_other + W_b1 2+W_b23 
W_b1 2=P[1 ]*(V[2]-V[1 ]) 

"W_b23 = integral of P[3]*dV[3] for Deltax = 20 cm and is given by:" 
W_b23=P[2]*(V[3]-V[2])+Spring_const/2*(V[3]-V[2]) A 2 


k [kN/m] 

P 3 [kPal 

W ollt [kJl 

50 

350 

43.46 

100 

450 

44.46 

150 

550 

45.46 

200 

650 

46.46 

250 

750 

47.46 

300 

850 

48.46 

350 

950 

49.46 

400 

1050 

50.46 

450 

1150 

51.46 

500 

1250 

52.46 
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out [kJ] P[3] [kPa] p [kPa] 


4-19 



V [m 3 /kg] 
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Closed System Energy Analysis 


4-20 


4-26E The table is to be completed using conservation of energy principle for a closed system. 
Analysis The energy balance for a closed system can be expressed as 



v 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V J 

V 

Changein internal, kinetic, 
potential, etc. energies 


2in-Wout=£ 2 -£'i = m(e 2 -e l ) 


Application of this equation gives the following completed table: 


Gin 

w out 

E\ 

E 2 

m 

ei-ei 

(Btu) 

(Btu) 

(Btu) 

(Btu) 

(lbm) 

(Btu/lbm) 

350 

510 

1020 

860 

3 

-53.3 

350 

130 

550 

770 

5 

44.0 

560 

260 

600 

900 

2 

150 

-500 

0 

1400 

900 

7 

-71.4 

-650 

-50 

1000 

400 

3 

-200 


4-27E The heat transfer during a process that a closed system undergoes without any internal energy change is to be 
determined. 


Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 The compression or 
expansion process is quasi-equilibrium. 

Analysis The energy balance for this stationary closed system can be expressed as 


^in ^out 

V 

Net energy traisfer 
by heat, work, and mass 


A F 

L - yL -‘ system 

V 

Changein internal, kinetic, 
potential,etc. energies 


Q m - W out = A U = 0 (since KE = PE = 0) 
Gin = ^out 


Then, 



= l.lxlO 6 lbf 


•t 


^ 1 Btu ^ 

v 778. 17 lbf- ft , 


= 141 4 BtU 
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4-28 Motor oil is contained in a rigid container that is equipped with a stirring device. The rate of specific energy increase is 
to be determined. 

Analysis This is a closed system since no mass enters or leaves. The energy balance for closed system can be expressed as 

^in — ^out “ ^^system 

' V J . ' ' 

Net energy traisfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

e m +w shjn =A£ 

Then, A E = Q m +Vf sh4n =1 + 1.5 = 2.5 W 


Dividing this by the mass in the system gives 



m 


2.5 J/s 
2.5 kg 


= 1.0 J/kg-s 


4-29 A rigid tank is initially filled with superheated R-134a. Heat is transferred to the tank until the pressure inside rises to a 
specified value. The mass of the refrigerant and the amount of heat transfer are to be determined, and the process is to be 
shown onaf-i/ diagram. 

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions. 

Analysis (a) We take the tank as the system. This is a closed system since no mass enters or leaves. Noting that the volume 
of the system is constant and thus there is no boundary work, the energy balance for this stationary closed system can be 
expressed as 

77 77 _ a 77 

^in ^out — system 

Net energy traisfer Changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

Q in = A U = m(u 0 — u x ) (since W = KE = PE = 0) 

Using data from the refrigerant tables (Tables A-l 1 through A- 13), the 
properties of R- 1 34a are determined to be 

P x = 160kPal v f =0.0007435, </ g = 0.12355 m 3 /kg 
x x =0.4 J Uf =31.06, u fg =190.31 kJ/kg 


R-134a 
160 kPa 


i/! = v f +x x v fg =0.0007435 + 0.4(0.12355 -0.0007435) = 0.04987 m 3 /kg 
u x =u f + x x u Jg = 31.06 + 0.4(190.31) = 107.19 kJ/kg 


u 2 =377.23 kJ/kg (Superheated vapor) 


p 2 = 700 kPa 
Then the mass of the refrigerant is determined to be 


m = — = 


0.5 m 


= 10.03 kg 


'i 0.04987 m /kg 
( b ) Then the heat transfer to the tank becomes 

Qin =m(u 2 - Ml) 

= (10.03 kg)(377.23 - 107.19) kJ/kg 

= 2708kJ 
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4-30E A rigid tank is initially filled with saturated R-134a vapor. Heat is transferred from the refrigerant until the pressure 
inside drops to a specified value. The final temperature, the mass of the refrigerant that has condensed, and the amount of 
heat transfer are to be determined. Also, the process is to be shown on a P- 1 / diagram. 

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions. 

Analysis (a) We take the tank as the system. This is a closed system since no mass enters or leaves. Noting that the volume 
of the system is constant and thus there is no boundary work, the energy balance for this stationary closed system can be 
expressed as 

^in — ^out — ^^system 

' ' ' l ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

_ 2 0 ut = A £7 = m(u 2 -U\) (since W = KE = PE = 0) 

Gout = m(«i -u 2 ) 


Using data from the refrigerant tables (Tables A-l IE through A-13E), the properties of R-134a are determined to be 


P l =160 psia 
sat. vapor 

P 2 = 50 psia 

0 2 =t/ i) 


v i = •'gaieopsia = 0.29339 ft - /lbm 


iu —u 


g@l 60psia 


= 108.5 lBtu/lbm 


(/, =0.01252, t/ =0.94909 ft 3 /lbm 


/ 

u f =24.824, 


u 


fg 


= 75.228 Btu/lbm 


R-134a 
160 psia 
Sat. vapor 


The final state is saturated mixture. Thus, 


T2 - T s at @ 50 psia — 40.23°F 

( b ) The total mass and the amount of refrigerant that has condensed are 


Also, 


l/, 


20 ft 


m = 


t'l 0.29339 ft 3 /lbm 


= 68. 17 lbm 


«^ = 0^339 zM M2 


c/ 


fg 


0.94909-0.01252 


m f = (1 - jc 2 )m = (1 - 0.2999)(68. 17 lbm) = 47.73 lbm 


u 2 = Uf +x 2 Uj = 24.824 + 0.2999(75.228) = 47.38 Btu/lbm 



(c) Substituting, 

Gout =m ( M l -«2 ) 

= (68. 17 lbm)(108.51 - 47.38) Btu/lbm 

= 41 67Btu 
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4-31 Water contained in a rigid vessel is heated. The heat transfer is to be determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved 3 The thermal energy stored in the vessel itself is negligible. 

Analysis We take water as the system. This is a closed system since no mass enters or 
leaves. The energy balance for this stationary closed system can be expressed as 

^in — ^out “ ^'system Q 

v V ' . '■ V ' / 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

Q [n = AU = m(u 2 -u x ) (since KE = PE = 0) 

The properties at the initial and final states are (Table A-4) 



T x = 100°C 
jtj = 0.123 


T 2 = 150°C 


c/j =v f +xv fg = 0.001043 + (0.123)(1. 6720 -0.001043) = 0.2066 nr /kg 
u x = u f + xu fg = 419.06 + (0.123)( 2087.0) = 675.76 kJ/kg 


v 2 = V\ = 0.2066 m 3 / kg 


The mass in the system is 




0.100m 


t/o -1/ 


x 2 = 


f 


1 / 


fg 


0.2066-0.001091 

0.39248-0.001091 


= 0.5250 


U 2 =U f + X 2 U 


= 631.66 + (0.5250)(1927.4) = 1643.5 kJ/kg 


m = 


0.2066 m 3 /kg 


= 0.04841 kg 



Substituting, 

Q m =m(u 2 -u x ) = (0.04841 kg)(1643.5 - 675.76) kJ/kg = 46.9k J 
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4-32 Saturated vapor water is cooled at constant temperature (and pressure) to a saturated liquid. The heat rejected is to be 
determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


^in -^out ^^^system 

' V ' V v ' 

Net energy traisfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

-QoM~ W b,our =A U=m(u 2 ~u l ) (since KE = PE = 0) 
“Gout = W b,our +m(u 2 -«i) 

-Gout =m(h 2 -hi) 

Gout =«(*!" *2 ) 

<7out = /! l — h 2 

since A U + W h = AH during a constant pressure quasi-equilibrium process. 
Since water changes from saturated liquid to saturated vapor, we have 

*7out = h g ~hf = hj g @ 4 ookp a = 21 33.4k J/kg (Table A-5) 

Note that the temperature also remains constant during the process and it 
is the saturation temperature at 400 kPa, which is 143.6°C. 


Water 
400 kPa 
sat. vap. 




Q 
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4-33 A cylinder is initially filled with steam at a specified state. The steam is cooled at constant pressure. The mass of the 
steam, the final temperature, and the amount of heat transfer are to be determined, and the process is to be shown on a T-v 
diagram. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 

fin ~ ^out — ^^system 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

-Cout -Wfo.out = A U =m(u 2 -u x ) (since KE = PE = 0) 

“Gout = '”<^2 ~ h \ ) 

since A U + W b = AH during a constant pressure quasi-equilibrium 
process. The properties of water are (Tables A-4 through A-6) 

P r = 1 MPa | V| = 0.33045 m 3 /kg 
T 2 = 450°C J h j = 3371.3 kJ/kg 

</, 2.5 m 3 _ ,,,, 

m = — = — = 7.565 kg 

t/, 0.33045 m 3 /kg 

( b ) The final temperature is determined from 

P 2 =lMPaj T 2 = T sat @i MPa = 179.^0 

> 

sat. vapor h 2 = h g@l = 2777. 1 kJ/kg 

(c) Substituting, the energy balance gives 

0 out = - (7.565 kg)(2777.1 - 3371.3) kJ/kg = 4495 kJ 
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4-34 A cylinder is initially filled with saturated liquid water at a specified pressure. The water is heated electrically as it is 
stirred by a paddle-wheel at constant pressure. The voltage of the current source is to be determined, and the process is to be 
shown onaP-i/ diagram. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The cylinder is well- 
insulated and thus heat transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


^in ^out 


A E 


system 


Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^e,in +W VKjn -W h lml = MJ (since Q = KE = PE = 0) 

W e ,in +w pw , in =m(h 2 -h{) 

(V/Ar) + W pwin =m(h 2 -h x ) 

since AU + Wj, = AH during a constant pressure quasi-equilibrium 
process. The properties of water are (Tables A-4 through A-6) 


P x = 175 kPa 
sat .liquid 
P 2 = 175 kPa 
x 2 = 0.5 


h\ - ^/@i75kPa - 487.01 kJ/kg 
v \ = t/ /@i75kPa = 0.001057 m 3 /kg 

h 2 = h f +x 2 h fg = 487.01 + (0.5x2213.1)= 1593.6 U/kg 




0.005 nv 


m = 


= 4.731 kg 


t/! 0.001057 m /kg 

Substituting, 

\ I At + (400 kJ) = (4.731 kg)(1593.6-487.01)kJ/kg 


YIAt = 4835 kJ 
_ 4835 kJ 


(8 A)(45 x 60 s) 


1000 VA 
lkJ/s 


\ 


= 223.9 V 
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4-35 N ^ i>r A cylinder equipped with an external spring is initially filled with steam at a specified state. Heat is transferred 
to the steam, and both the temperature and pressure rise. The final temperature, the boundary work done by the steam, and 
the amount of heat transfer are to be determined, and the process is to be shown on a P-v diagram. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The thermal energy 
stored in the cylinder itself is negligible. 3 The compression or expansion process is quasi-equilibrium. 4 The spring is a 
linear spring. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. Noting 
that the spring is not part of the system (it is external), the energy balance for this stationary closed system can be expressed 
as 


^in ^out 

V 

Net en erg y trai s fer 
by heat, work, and mass 


A E e 


system 


Changein internal, kinetic, 
potential, etc. energies 


Qin -W 6 ,out = A U = m(u 2 -Mj) (since KE = PE = 0) 
Gin =m(w 2 -Mi) + W fci0 ut 

The properties of steam are (Tables A-4 through A-6) 


P x = 200 kPa 

r, = 200°c 


v x = 1.08049 m7kg 
u x = 2654.6 kJ/kg 




0.4 m 


m = 


V\ 1.08049 nr /kg 


= 0.3702 kg 


CA 


— 


0.6 nr -i 

= 1.6207 m 3 /kg 


m 0.3702 kg 


P 2 = 250 kPa 
v 2 = 1.6207 m 3 /kg 


T 2 = 606°C 


u 2 = 3312.0 kJ/kg 


h 2 o 

200 kPa 
200°C 


G 



V 


(b) The pressure of the gas changes linearly with volume, and thus the process curve on a P-V diagram will be a straight line. 
The boundary work during this process is simply the area under the process curve, which is a trapezoidal. Thus, 


W b = Area = 


P x +P 


Mi/ a (20Q + 250)kPa (0.6-0.4 )m 3 
— — 


lkJ 


1 kPa ■ m 3 


45 kJ 


(c) From the energy balance we have 

Gin = (0.3702 kg)(3312.0 - 2654.6)kJ/kg + 45 kJ = 288 kJ 
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4-36 m ‘ rmi Problem 4-35 is reconsidered. The effect of the initial temperature of steam on the final temperature, the work 
done, and the total heat transfer as the initial temperature varies from 150°C to 250°C is to be investigated. The final results 
are to be plotted against the initial temperature. 

Analysis The problem is solved using EES, and the solution is given below. 


"The process is given by:" 

"P[2]=P[1]+k*x*A/A, and as the spring moves 'x' amount, the volume changes by V[2]-V[1]." 
P[2]=P[1]+(Spring_const)*(V[2] - V[1]) "P[2] is a linear function of V[ 2]" 

"where Spring_const = k/A, the actual spring constant divided by the piston face area" 

"Conservation of mass for the closed system is:" 
m[2]=m[1] 

"The conservation of energy for the closed system is" 

"EJn - E_out = DeltaE, neglect DeltaKE and DeltaPE for the system" 

QJn - W_out = m[1]*(u[2]-u[1]) 

DELTAU=m[1]*(u[2]-u[1]) 

"Input Data" 

P[1]=200 [kPa] 

V[1]=0.4 [m A 3] 

T[1]=200 [C] 

P[2]=250 [kPa] 

V[2]=0.6 [m A 3] 

Fluid$='Steam_IAPWS' 

m[1]=V[1]/spvol[1] 

spvol[1]=volume(Fluid$,T=T[1], P=P[1]) 
u[1 ]=intenergy(Fluid$, T=T[1], P=P[1]) 
spvol[2]=V[2]/m[2] 

"The final temperature is:" 

T[2]=temperature(Fluid$,P=P[2],v=spvol[2]) 

u[2]=intenergy(Fluid$, P=P[2], T=T[2]) 

Wnet_other = 0 
W_out=Wnet_other + W_b 

"W_b = integral of P[2]*dV[2] for 0.5<V[2]<0.6 and is given by:" 

W_b=P[1 ]*(V[2]-V[1 ])+Spring_const/2*(V[2]-V[1 ]) A 2 
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Ti 

[Cl 

Qin 

[kJ] 

t 2 

[C] 

w out 

[kJ] 

150 

281.5 

508.2 

45 

160 

282.8 

527.9 

45 

170 

284.2 

547.5 

45 

180 

285.5 

567 

45 

190 

286.9 

586.4 

45 

200 

288.3 

605.8 

45 

210 

289.8 

625 

45 

220 

291.2 

644.3 

45 

230 

292.7 

663.4 

45 

240 

294.2 

682.6 

45 

250 

295.7 

701.7 

45 




T[1] [C] 
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4-37 A cylinder equipped with a set of stops for the piston to rest on is initially filled with saturated water vapor at a 
specified pressure. Heat is transferred to water until the volume doubles. The final temperature, the boundary work done by 
the steam, and the amount of heat transfer are to be determined, and the process is to be shown on a P- v diagram. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


E in ~ E out 


A F 

system 


Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Q m ~ W b,out = A U = m(u 3 — m, ) (since KE = PE = 0) 

Q'm =m(u 3 -Mi)+W fe out 

The properties of steam are (Tables A-4 through A-6) 

P\ = 250 kPa = v ? @7 50k p a = 0.71873 m 3 /kg 
sat.vapor J u x = Mg@ 2 50 kPa = 2536.8 kJ/kg 


0.8 nr 


V\ 0.71873 m7kg 


= 1. 113kg 


c/ 3 = — = 1,6 m - = 1.4375 m 3 /kg 
m 1.113 kg 


P 3 = 300 kPa 


r 3 = 662°C 


t/ 3 = 1.4375 m /kg u 3 = 341 1.4 kJ/kg 



( b ) The work done during process 1-2 is zero (since i/= const) and the work done during the constant pressure process 2-3 is 

3 ( 1 kT ^ 

W b out = f PdV = P(l/ 3 -l/,) = (300 kPa)(1.6-0.8)m 3 — — =240 kJ 

J 2 1 kPa • m 


(c) Heat transfer is determined from the energy balance, 

Qin =m(u 3 -U\)+W h0M 

= (1.113 kg)(341 1.4- 2536.8) kJ/kg + 240 kJ = 1213 kJ 
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4-38 A room is heated by an electrical radiator containing heating oil. Heat is lost from the room. The time period during 
which the heater is on is to be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
141 °C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific heats 

at room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 
applications. 4 The local atmospheric pressure is 100 kPa. 5 The room is air-tight so that no air leaks in and out during the 
process. 

Properties The gas constant of air is R = 0.287 kPa.m/kg.K (Table A-l). Also, c u = 0.718 kJ/kg.K for air at room 

3 

temperature (Table A-2). Oil properties are given to be p = 950 kg/m and c p = 2.2 kJ/kg.°C. 


Analysis We take the air in the room and the oil in the radiator to be the system. 
This is a closed system since no mass crosses the system boundary. The energy 
balance for this stationary constant- volume closed system can be expressed as 


^in ^out 

V 

Net energy transfer 
by heat, work, and mass 


A F 

^^system 

V, J 

V 

Changein internal, kinetic, 
potential, etc. energies 


(W,n ~ 2out)Ar = A U mr + A t/ oil 


= [mcJT 2 — T’, )] air + [mc p (T 2 - 7|)] oil (since KE = PE = 0) 



The mass of air and oil are 


P(/ air (100 kPa)(50 m 3 ) 

m ■ — — 

RT X (0.287kPa • m 3 /kg • K)(10 + 273 K) 
m oi i = A.nV.i = (950 kg/m 3 )(0.040 m 3 ) = 38 kg 


62.32 kg 


Substituting, 

(2.4 - 0.35 kJ/s)Ar = (62.32 kg)(0.718 kJ/kg • °C)(20 - 10)°C + (38 kg)(2.2 kJ/kg • °C)(50 - 10)°C 

>At = 1850s = 30.8min 

Discussion In practice, the pressure in the room will remain constant during this process rather than the volume, and some 
air will leak out as the air expands. As a result, the air in the room will undergo a constant pressure expansion process. 
Therefore, it is more proper to be conservative and to using AH instead of use AU in heating and air-conditioning 
applications. 
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4-39 A saturated water mixture contained in a spring-loaded piston-cylinder device is heated until the pressure and volume 
rise to specified values. The heat transfer and the work done are to be determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Analysis We take the contents of the cylinder as the system. This is a closed 
system since no mass enters or leaves. The energy balance for this stationary 
closed system can be expressed as ^ 

^in — ^out “ '^'system 225 kPa 

V v ' . V V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

<2 in ~W bout = A U = m(u 2 ~u x ) (since KE = PE = 0) 75 kPa 

2in = W b,out +m(u 2 -U x ) 

The initial state is saturated mixture at 75 kPa. The specific volume and 
internal energy at this state are (Table A-5), 

i/! =v f +xv fg = 0.001037 + (0.08)(2.2172 -0.001037) = 0.1783 m 3 /kg 
u | = u f +xu fg = 384.36 + (0.08)(2 11 1.8) = 553.30 kJ/kg 

The mass of water is 



C/, _ 2 m 3 

<6 0.1783 m 3 /kg 


11.22 kg 


The final specific volume is 


l/o 


5 m 


l/o = 


m 11 .22 kg 


= 0.4458 m 3 /kg 


The final state is now fixed. The internal energy at this specific volume and 225 kPa pressure is (Table A-6) 
u 2 =1650.4 kJ/kg 

Since this is a linear process, the work done is equal to the area under the process line 1 -2: 


^,out = Area = 


P, + A 




(75 + 225)kPa 


(5 - 2)m 


lkJ 


lkPa-m 3 J 


= 450kJ 


2 2 
Substituting into energy balance equation gives 

Qm = W b90Ut + m(u 2 - u x ) = 450 kJ + (1 1 .22 kg)(1650.4 - 553.30) kJ/kg = 1 2,750kJ 
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4-40E Saturated R-134a vapor is condensed at constant pressure to a saturated liquid in a piston-cylinder device. The heat 
transfer and the work done are to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


^in -^out 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

v. J 

V 

Changein internal, kinetic, 
potential,etc. energies 


W b in - 2 out = a U = m(u 2 ~ U\) (since KE = PE = 0) 

Qoxa= W bM-m(u 2 -u l ) 


The properties at the initial and final states are (Table A-l IE) 

"j 1 _ t00°F ^ • • r\ -~> a r\n a ji 3 

X { =\ 

T 2 = 100°F i/ 2 =i /, = 0.01386 ft J /lbm 
x 2 =0 J u 2 =u j- =44.774 Btu/lbm 


c/j = </ g = 0.34074 ft J /lbm 
u \ = u k = 107.46 Btu/lbm 

3 


Also from Table A-l IE, 

p x =p 2 = 138.93 psia 
u = 62.690 Btu/lbm 
h fg =71.094 Btu/lbm 


R-134a 

100°F 


Q 



The work done during this process is 

2 


w bt0Ut = j Pdv = P{v 2 -i/ 1 ) = (138.93psia)(0.01386-0.34074)ft 3 /lbm 


lBtu 


5.404psia • ft 


= -8.404 Btu/lbm 


That is, 

w b 4 n =8.40 Btu/lbm 

Substituting into energy balance equation gives 

^out ~ w b,m ~( u i ~ u \ ) = w b,m + u jg = ^-^0 + 62.690 = 71 .09Btu/lbm 
Discussion The heat transfer may also be determined from 

-<7out = h 2 - hi 

q out = hf g = 7 1 .09 Btu/lbm 

since A U + Wb = A H during a constant pressure quasi-equilibrium process. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



4-34 


4-41 One part of an insulated tank contains compressed liquid while the other side is evacuated. The partition is then 
removed, and water is allowed to expand into the entire tank. The final temperature and the volume of the tank are to be 
determined. 

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 The tank is insulated and 
thus heat transfer is negligible. 3 There are no work interactions. 

Analysis We take the entire contents of the tank as the system. This is a closed system since no mass enters or leaves. 
Noting that the volume of the system is constant and thus there is no boundary work, the energy balance for this stationary 
closed system can be expressed as 


^in ^out 

V 

Net energy transfer 
by heat, work, and mass 


A F 

^^system 

y j 

V 

Changein internal, kinetic, 
potential ^etc. energies 


0 = AU = m{ii 2 - U\) (since W = Q = KE = PE = 0) 


= u 2 


The properties of water are (Tables A-4 through A-6) 

P x = 600 kPa j t/j ={/ f@6(rc =0.001017 m 3 /kg 
T x = 60°C j u x =Uf @60 o C = 251.16kJ/kg 



We now assume the final state in the tank is saturated liquid- vapor mixture and determine quality. This assumption will be 
verified if we get a quality between 0 and 1 . 


P 2 = 10 kPa 1 v f = 0.001010, v g = 14.670 m 3 /kg 
(m 2 =m 1 ) J My =191.79, u j'g = 2245.4 kJ/kg 


Thus, 


ll 2 M r 

x 2 = - 

U fg 


251.16-191.79 

2245.4 


0.02644 


T 2 — 7" sat @ iokp a - 45.81 °C 


c/ 2 = v f +x 2 v fg =0.001010 + [0.02644 x (14.670 -0.001010)] = 0. 38886 m 3 /kg 

and, 

{/= mv 2 =(2.5 kg)(0. 38886 m 3 /kg) = 0.972 m 3 
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4-42 ■ Brm Problem 4-41 is reconsidered, 
the initial pressure varies from 100 kPa to 
initial pressure. 


The effect of the initial pressure of water on the final temperature in the tank as 
600 kPa is to be investigated. The final temperature is to be plotted against the 


Analysis The problem is solved using EES, and the solution is given below. 


"Knowns" 
m=2.5 [kg] 
{P[l]=600 [kPa]} 
T[l]=60 [C] 
P[2]=10 [kPa] 


"Solution" 

Fluid$='Steam_IAPWS' 

"Conservation of Energy for the closed tank:" 

E_in-E_out=DELTAE 

E_in=0 

E_out=0 

DELTAE=m*(u[2]-u[l]) 
u[l]=INTENERGY(Fluid$,P=P[l], T=T[1]) 
v[l]=volume(Fluid$,P=P[l], T=T[1]) 
T[2]=temperature(Fluid$,P=P[2], u=u[2]) 
T_2=T[2] 

v[2]=volume(Fluid$,P=P[2], u=u[2]) 
V_total=m*v[2] 


Pi 

t 2 

fkPal 

[Cl 

100 

45.79 

200 

45.79 

300 

45.79 

400 

45.79 

500 

45.79 

600 

45.79 



P[1] [kPa] 


Steam 
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Specific Heats, A u and Ah of Ideal Gases 


4-36 


4-43C It can be used for any kind of process of an ideal gas. 


4-44C It can be used for any kind of process of an ideal gas. 


4-45C Very close, but no. Because the heat transfer during this process is Q = mc p AT, and c p varies with temperature. 


4-46C The energy required is mc p AT, which will be the same in both cases. This is because the c p of an ideal gas does not 
vary with pressure. 


4-47C The energy required is mc p AT, which will be the same in both cases. This is because the c p of an ideal gas does not 
vary with volume. 


4-48C For the constant pressure case. This is because the heat transfer to an ideal gas is mc p AT at constant pressure, mcJsT 
at constant volume, and c p is always greater than c ^ 


4-49 The desired result is obtained by multiplying the first relation by the molar mass M, 
Me =Mc {/ +MR 

or c p =c v +R U 
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4-50 The enthalpy change of oxygen is to be determined for two cases of specified temperature changes. 

Assumptions At specified conditions, oxygen behaves as an ideal gas. 

Properties The constant-pressure specific heat of oxygen at room temperature is c p = 0.918 kJ/kg-K (Table A-2a). 

Analysis Using the specific heat at constant pressure, 

Ah = c p AT = (0.918 kJ/kg • K)(250 - 150)K = 91 .8kJ/kg 

If we use the same room temperature specific heat value, the enthalpy change will be the same for the second case. However, 
if we consider the variation of specific heat with temperature and use the specific heat values from Table A-2b, we have c p = 
0.964 kJ/kg-K at 200°C (= 473 K) and c p = 0.934 kJ/kg-K at 100°C (= 373 K). Then, 

Ah x = c p AT x = (0.964 kJ/kg • K)(250 - 150)K = 96.4 kJ/kg 
Ah 2 = c p AT x = (0.934 kJ/kg -K)(100-0)K = 93.4 kJ/kg 
The two results differ from each other by about 3%. The pressure has no influence on the enthalpy of an ideal gas. 


4-51E Air is compressed isothermally in a compressor. The change in the specific volume of air is to be determined. 
Assumptions At specified conditions, air behaves as an ideal gas. 

Properties The gas constant of air is R = 0.3704 psia*ft 3 /lbm*R (Table A- IE). 

Analysis At the compressor inlet, the specific volume is 


i/i = 


RT 

A 


(0.3704 psia • ft 3 /lbm- R)(70 + 460 R) 
20psia 


9.816ft 3 /lbm 


Similarly, at the compressor exit, 


RT (0. 3704 psia • i 3 /lbm • R )(70 + 460 R ) , „ _ ^ 

i/t — — — 1 .309 It 

P 2 150 psia 

The change in the specific volume caused by the compressor is 
A«/ = i/ 2 -i/j = 1.309-9.816 = -8.51 ft 3 /lbm 


3 /lbm 



4-52 The total internal energy changes for neon and argon are to be determined for a given temperature change. 
Assumptions At specified conditions, neon and argon behave as an ideal gas. 

Properties The constant-volume specific heats of neon and argon are 0.6179 kJ/kg-K and 0.3122 kJ/kg-K, respectively 
(Table A-2 a). 

Analysis The total internal energy changes are 

A £/ neon = mc^AT = (2 kg)(0.6179 kJ/kg • K)(180 - 20)K = 1 97.7k J 

argon = mc v AT = (2 kg)(0.3 122 kJ/kg • K)(180 - 20)K = 99.9kJ 
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4-53 The enthalpy changes for neon and argon are to be determined for a given temperature change. 

Assumptions At specified conditions, neon and argon behave as an ideal gas. 

Properties The constant-pressure specific heats of argon and neon are 0.5203 kJ/kg-K and 1.0299 kJ/kg-K, respectively 
(Table A-2 a). 

Analysis The enthalpy changes are 

A/^gon = C P AT = (0.5203 kJ/kg • K)(25 - 75)K = -26.0kJ/kg 
A/*neon = c p AT = (1.0299 kJ/kg • K)(25 - 75)K = -51 .5 kJ/kg 


4-54 The internal energy change of hydrogen gas during a heating process is to be determined using an empirical specific 
heat relation, constant specific heat at average temperature, and constant specific heat at room temperature. 

Analysis (a) Using the empirical relation for c p (T) from Table A-2c and relating it to (T ) , 


c v (T) = c p — R u =(a — R u ) + bT + cT 2 + dT 3 


where a = 29.11, b = -0.1916xl0' 2 , c = 0.4003x1 O' 5 , and d = -0.8704xl0* 9 . Then, 


Am = | 2 c v (T)dT = J “ [(a - /?„ )+ bT + cT 2 + dT 3 \lT 

= (a- R u \T 2 - 7i) + \_b(Ti + T{) + \c(T 3 - T 3 ) + \d(T 2 4 - T , 4 ) 

= (29. 1 1 - 8.3 14X800 - 200) - 4(0. 1961 x 10 _2 )(800 2 - 200 2 ) 

+ }(0.4003 x 10 5 )(800 3 - 200 3 ) - ^(0.8704 x 10 9 X800 4 - 200 4 ) 
= 12,487 kJ/kmol 


A u 

An = 

M 


12,487 kJ/kmol 
2.016 kg/kmol 


- 6194 kJ/kg 


(b) Using a constant c p value from Table A-2b at the average temperature of 500 K, 

c i/,avg “ C (/@ 500 K “ 10.389 kJ/kg • K 
A u = c^JT 2 -T x ) = (10.389 kJ/kg • K)(800 - 200)K = 6233 kJ/kg 


(c) Using a constant c p value from Table A-2a at room temperature, 

c i/,avg = C 1/@300K = 10. 183 kJ/kg • K 

A u = c Vtmg (r 2 -71) = (10. 183 kJ/kg • K)(800 - 200)K = 6110 kJ/kg 
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4-55 The enthalpy change of nitrogen gas during a heating process is to be determined using an empirical specific heat 
relation, constant specific heat at average temperature, and constant specific heat at room temperature. 

Analysis (a) Using the empirical relation for c p ( T ) from Table A-2c, 
c p =a + bT + cT 2 + dT 3 

where a = 28.90, b = -0.1571xl0' 2 , c = 0.8081xl0' 5 , and d = -2.873xl0‘ 9 . Then, 

Ah = J 2 c p (T)dT = J 2 [a + bT + cT 2 + dT 3 \lT 


= a(T 2 -7]) + \b(T 2 - T 2 ) + \c(T 3 - T 3 ) + \d(T* - 7] 4 ) 
= 28.90(1000 - 600) - U0 . 1571 x 10“ 2 )(1000 2 - 600 2 ) 


A h = 


+ 1 (0.8081 x 10~ 5 )(1000 3 - 600 3 ) - 1(2.873 x 10“ 9 )(1000 4 - 600 4 ) 
= 12,544 kJ/kmol 
Ah 12,544 kJ/kmol 


= 447.8kJ/kg 


M 28.013 kg/kmol 
( b ) Using the constant c p value from Table A-2b at the average temperature of 800 K, 

c p , avg = c p@ 800 K = kJ/kg • K 

Ah = c PiWg (T 2 -T x ) = (1.121 kJ/kg • K)(1000 - 600)K = 448.4 kJ/kg 


(c) Using the constant c p value from Table A-2a at room temperature, 

C p , avg “ C /?@ 300 K “ 1-039 kJ/kg • K 

Ah = c PtWg (T 2 - Tj) = (1.039 kJ/kg • K)(1000 - 600)K = 415.6 kJ/kg 
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4-56E A spring-loaded piston-cylinder device is filled with air. The air is now cooled until its volume decreases by 50%. 
The changes in the internal energy and enthalpy of the air are to be determined. 

Assumptions At specified conditions, air behaves as an ideal gas. 

Properties The gas constant of air is R = 0.3704 psia-ft 3 /lbm-R (Table A- IE). The specific heats of air at room temperature 
are c u = 0.171 Btu/lbm-R and c p = 0.240 Btu/lbm-R (Table A-2Ea). 

Analysis The mass of the air in this system is 


py \ 


(250 psia)(l ft 3 ) 


RT X (0.3704 psia • ft 3 /lbm- R)(460 + 460 R) 


= 0.7336 lbm 


The final specific volume is then 

v 2 = — = Q ' 5(1 1 = 0.6816 ft 3 /lbm 

m 0.7336 lbm 

As the volume of the air decreased, the length of the spring will increase by 


Ax = 


AC/ AC/ 4(0.5 ft 3 ) 
A p ttD 2 I4 tz"(10 /12 ft) 


= 0.9167 ft = 11. 00 in 


The final pressure is then 


P 2 =P l -AP = P 1 - 


= Pi- 


= Pi- 


nD 1 ! 4 


■ 4(5 lbfin)(l 1.00 in) 2 

= 250 psia = 249.3 lbf in 


^■(10 in) 


= 249.3 psia 


Employing the ideal gas equation of state, the final temperature will be 


T 2 = 




(249.3psia)(0.5 ft 3 ) 


mR (0.7336 lbm)(0.3704 psia- ft 3 /lbm-R) 


= 458.7 R 


Using the specific heats, 

Au = c v AT = (0. 171 Btu/lbm- R)(458.7 -920)R = -78.9 Btu/lbm 
Ah = c p AT = (0.240 Btu/lbm- R)(458.7 -920)R = -1 1 0.7Btu/lbm 
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4-57C No, it isn't. This is because the first law relation Q - W = AU reduces to W = 0 in this case since the system is 
adiabatic ( Q = 0) and AU = 0 for the isothermal processes of ideal gases. Therefore, this adiabatic system cannot receive 
any net work at constant temperature. 


4-58 The hydrogen gas in a rigid tank is cooled until its temperature drops to 300 K. The final pressure in the tank and the 
amount of heat transfer are to be determined. 


Assumptions 1 Hydrogen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values 
of -240°C and 1.30 MPa. 2 The tank is stationary, and thus the kinetic and potential energy changes are negligible, 
Ake = Ape = 0 . 

• *3 

Properties The gas constant of hydrogen is R = 4.124 kPa.m/kg.K (Table A-l). The constant volume specific heat of 
hydrogen at the average temperature of 450 K is , c u avg = 10.377 kJ/kg.K (Table A-2). 

Analysis (a) The final pressure of hydrogen can be determined from the ideal gas relation, 


T\ 


PtV 

t 2 


> / J 2 


T 350 K 

-^-P, = (250 kPa) = 159.1kPa 

T x 550 K 


(b) We take the hydrogen in the tank as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this stationary closed system can be expressed as 


^in ^out 

s. J 

V 

Net en erg y trdn s fer 
by heat, work, and mass 


A F 

system 

y j 

v 

Changein internal, kinetic, 
potential, etc. energies 


- Gout = At/ 

Gout = ~ AU = -m( u 2 ~ u \ ) = mC v (T| -T 2 ) 


where 


= ^ = (250kPa)(3 -° m3) =0.3307 kg 

RT X (4. 124 kPa • m 3 /kg • K)(550 K) 


H 2 

250 kPa 
550 K 


\ 


G 


Substituting into the energy balance, 

Q om = (0.33307 kg)( 10.377 kJ/kg-K)(550 - 350)K = 686.2 kJ 
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4-59E A paddle wheel in an oxygen tank is rotated until the pressure inside rises to 20 psia while some heat is lost to the 
surroundings. The paddle wheel work done is to be determined. 

Assumptions 1 Oxygen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
-181°F and 736 psia. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 The energy stored in the 

paddle wheel is negligible. 4 This is a rigid tank and thus its volume remains constant. 

• *3 

Properties The gas constant and molar mass of oxygen are R = 0.3353 psia.ft /lbm.R and M - 32 lbm/lbmol (Table A- IE). 
The specific heat of oxygen at the average temperature of r avg = (735+540)/2= 638 R is c^g = 0.160 Btu/lbm.R (Table A- 
2E). 

Analysis We take the oxygen in the tank as our system. This is a closed system since no mass enters or leaves. The energy 
balance for this system can be expressed as 

E in ~ E put ~ ^-^system 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W p w ,in -Qout= AU 

W pwJn = Q out +m(u 2 -u r ) 

= Q 0U t + mC J T 2 ~T\ ) 

The final temperature and the mass of oxygen are 



T 2 = ^-T x = 
R 


14.7 psia 


(540 R) = 735 R 


(14.7 psia)(10 ft 3 ) 


RT X (0.3353 psia • ft 3 /lbmol- R)(540 R) 


Substituting, 

Wpw,in = (20 Btu) + (0.812 lbm)(0.160 Btu/lbm.R) (7 3 5 - 540) R = 45.3 Btu 
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4-60E The air in a rigid tank is heated until its pressure doubles. The volume of the tank and the amount of heat transfer are 
to be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
221°F and 547 psia. 2 The kinetic and potential energy changes are negligible, Ape = A ke = 0.3 Constant specific heats at 

room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 
applications. 


Properties The gas constant of air is R = 0.3704 psia.ft /lbm.R (Table A-1E). 
Analysis ( a ) The volume of the tank can be determined from the ideal gas relation, 

c , _ mRT x _ (10 lbm)(0.37Q4 psia • ft 3 /lbm- R)(525 R) _ ^ sft3 


P 


30 psia 


(b) We take the air in the tank as our system. The energy balance for 
this stationary closed system can be expressed as 



fin gput ^^system 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Q in = A U 

Gin = m(u 2 -u l ) = mc v (T 2 -T l ) 


The final temperature of air is 


T\ 


To 


A 


= 2 x (525 R) = 1050R 
P 


The internal energies are (Table A-17E) 

~^@525R = 89.48 kJ/kg 
^3 ~ w @i050R =181.48 kJ/kg 


Substituting, 

Q m = (10 lbm)(181.48 - 89.48)Btu/lbm = 920 Btu 


Alternative solutions The specific heat of air at the average temperature of T avg = (525+1 05 0)/2= 788 R = 328°F is, from 
Table A-2Eb, c+ avg = 0.175 Btu/lbm.R. Substituting, 

Q m = (10 lbm)( 0.175 Btu/lbm.R)(1050 - 525) R = 919 Btu 

Discussion Both approaches resulted in almost the same solution in this case. 
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4-61E Paddle Wheel work is applied to nitrogen in a rigid container. The final temperature is to be determined. 

Assumptions 1 Nitrogen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values 
of 126.2 K (227.1 R) and 3.39 MPa (492 psia). 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 

Constant specific heats at room temperature can be used for nitrogen. 

Properties For nitrogen, c v = 0.177 Btu/lbm-R at room temperature and R = 0.3830psia-fi /lbm-R (Table A-1E and A- 
2E a). 

Analysis We take the nitrogen as the system. This is a closed system since no mass crosses the boundaries of the system. 

The energy balance for this system can be expressed as 


^in ^out ^^system 

v v ' , v V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Wpw.in = At/ = mc„ (T 2 - 7’ ) (since KE = PE = 0) 


The mass of nitrogen is 


m = 


py_ 

RT X 


(20 psia)(l ft 3 ) 

(0.3830 psia • ft 3 /lbm- R)(560 R) 


= 0.09325 lbm 




Substituting, 


W, 


pw,in 


(5000 lbf • ft) 


1 Btu 

778.17 lbf -ft 

t 2 


mc v (T 2 -T, ) 

(0.09325 lbm)(0.177 Btu/lbm- R )(T 2 -560)R 

949 R = 489°F 


4-62 One part of an insulated rigid tank contains an ideal gas while the other side is evacuated. The final temperature and 
pressure in the tank are to be determined when the partition is removed. 

Assumptions 1 The kinetic and potential energy changes are negligible, A ke = Ape = 0.2 The tank is insulated and thus 
heat transfer is negligible. 

Analysis We take the entire tank as the system. This is a closed system since no mass crosses the boundaries of the system. 
The energy balance for this system can be expressed as 


P'm P 0 ut 

\ J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V J 

V 

Change in internal, kinetic, 
potential, etc. energies 


0 = A U — m(u 2 — M| ) 


u 2 = u x 


Therefore, 

T 2 =T { = 50°C 

Since u = u{T) for an ideal gas. Then, 


m ,_w 

31 T 2 


Pi = 


a 

V, 


p, 


^(800 kPa) = 400 kPa 


IDEAL 


GAS 


800 kPa 

Evacuated 

50°C 



PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 




4-45 

4-63 A resistance heater is to raise the air temperature in the room from 5 to 25°C within 1 1 min. The required power rating 
of the resistance heater is to be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
141 °C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, A ke = Ape = 0.3 Constant specific heats at 

room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 
applications. 4 Heat losses from the room are negligible. 5 The room is air-tight so that no air leaks in and out during the 
process. 

Properties The gas constant of air is R = 0.287 kPa.m/kg.K (Table A-l). Also, c u = 0.718 kJ/kg.K for air at room 
temperature (Table A-2). 

Analysis We take the air in the room to be the system. This is a closed system since no mass crosses the system boundary. 
The energy balance for this stationary constant- volume closed system can be expressed as 

fin ~ Sput — ^^system 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

W e,m = AU = W^c/.avg (T 2 ~ T \ ) ( since Q = KE = PE = 0) 
or, 

W e - m At = mc v ^„(T 2 - T \ ) 

The mass of air is 

(/ = 4x5x6 = 120 m 3 



P X V (100 kPa)(120 m 3 ) 

RT X (0.287 kPa • m 3 /kg • K)(278 K) 


Substituting, the power rating of the heater becomes 



(150.6 kg)(0.718 kJ/kg • °C)(25 - 5) 0 C 
1 1 x 60 s 


3.28 kW 


Discussion In practice, the pressure in the room will remain constant during this process rather than the volume, and some 
air will leak out as the air expands. As a result, the air in the room will undergo a constant pressure expansion process. 
Therefore, it is more proper to be conservative and to use AH instead of using AU in heating and air-conditioning 
applications. 
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4-64 A student living in a room turns her 150-W fan on in the morning. The temperature in the room when she comes back 
10 h later is to be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
141 °C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific heats at 

room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 
applications. 4 All the doors and windows are tightly closed, and heat transfer through the walls and the windows is 
disregarded. 

Properties The gas constant of air is R = 0.287 kPa.m/kg.K (Table A-l). Also, c u = 0.718 kJ/kg.K for air at room 
temperature (Table A-2). 

Analysis We take the room as the system. This is a closed system since the doors and the windows are said to be tightly 
closed, and thus no mass crosses the system boundary during the process. The energy balance for this system can be 
expressed as 


Ein E out 


A F 

system 


Net energy traisfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W e4n = A U 

W ein = m{u 2 -u x ) = me V (J 2 -T t ) 


The mass of air is 

l/ = 3x4x4 = 48 m 3 


m = 


(100 kPa)(48 nr ) 




RT X (0.287 kPa • m 3 /kg • K)(293 K) 


= 57.08 kg 



The electrical work done by the fan is 

W e = W e At = (0. 100 kJ/s)(8 x 3600 s) = 2880 kJ 


Substituting and using the c v value at room temperature, 

2880 kJ = (57.08 kg)(0.718 kJ/kg-°C )(T 2 - 20)°C 

T 2 = 90.3°C 

Discussion Note that a fan actually causes the internal temperature of a confined space to rise. In fact, a 100-W fan supplies 
a room with as much energy as a 100-W resistance heater. 
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4-65 A room is heated by a radiator, and the warm air is distributed by a fan. Heat is lost from the room. The time it takes 
for the air temperature to rise to 20°C is to be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific heats at 

room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 
applications. 4 The local atmospheric pressure is 100 kPa. 5 The room is air-tight so that no air leaks in and out during the 
process. 

Properties The gas constant of air is R = 0.287 kPa.m/kg.K (Table A-l). Also, c u = 0.718 kJ/kg.K for air at room 
temperature (Table A-2). 

Analysis We take the air in the room to be the system. This is a closed system since no mass crosses the system boundary. 
The energy balance for this stationary constant- volume closed system can be expressed as 



It yields 


At = 831 s 


Discussion In practice, the pressure in the room will remain constant during this process rather than the volume, and some 
air will leak out as the air expands. As a result, the air in the room will undergo a constant pressure expansion process. 
Therefore, it is more proper to be conservative and to using AH instead of use AU in heating and air-conditioning 
applications. 
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4-66 Argon is compressed in a polytropic process. The work done and the heat transfer are to be determined. 

Assumptions 1 Argon is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
151 K and 4.86 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 


Properties The properties of argon are R = 0.208 lkJ/kg-K and c v = 0.3122 kJ/kg-K (Table A-2 a). 

Analysis We take argon as the system. This is a closed system since no mass crosses the 
boundaries of the system. The energy balance for this system can be expressed as 

^in — ^out — ^^^system 

' V ' . ' ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Qm - W b, oa t= AU =mc v (T 2 -T { ) 

Using the boundary work relation for the polytropic process of an ideal gas gives 


Argon ; 
120 kPa 
10°C 

P i/ 1 = constant 


Q 


^b, out 


RT { 

1 — n 


A 




K P U 


(n-l)/ n 


-1 


(0.208 lkJ/kg-K)(283K) 


1 - 1.2 




800 

120 


-1 


-109.5kJ/kg 


Thus, 

w hin =109.5kJ/kg 


The temperature at the final state is 




t ' p ^ 

f_2 

\ p u 


(n-l )/n 


= (283 K) 


800 kPa 
120 kPa 


\ 0 . 2 / 1. 2 


J 


= 388.2K 


From the energy balance equation, 


= ^, out + C T 2 -T { ) = -109.5 kJ/kg + (0.3122 kJ/kg • K)(388.2 - 283)K - -76.6 kJ/kg 


Thus, 

^ 7 out = 76.6kJ/kg 
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4-67 An insulated cylinder is initially filled with air at a specified state. A paddle-wheel in the cylinder stirs the air at 
constant pressure. The final temperature of air is to be determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The cylinder is stationary and thus the kinetic and potential 
energy changes are zero. 3 There are no work interactions involved other than the boundary work. 4 The cylinder is well- 
insulated and thus heat transfer is negligible. 5 The thermal energy stored in the cylinder itself and the paddle-wheel is 
negligible. 6 The compression or expansion process is quasi -equilibrium. 

Properties The gas constant of air is R = 0.287 kPa.m /kg.K (Table A-l). Also, c p = 1.005 kJ/kg.K for air at room 
temperature (Table A-2). The enthalpy of air at the initial temperature is 

h x = h@ 298 k = 298.18 kJ/kg (Table A-17) 

Analysis We take the air in the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this stationary closed system can be expressed as 


E in - E out 

V 

Net en erg y trai sfer 
by heat, work, and mass 


A F 

^^system 

V J 

V 

Changein internal, kinetic, 
potential, etc. energies 


Wpwjn - W b .ou t = A U >Wp Wiin = m(h2 - l\) 


since A U + Wb = A H during a constant pressure quasi-equilibrium process. 
The mass of air is 

py (400 kPa)(0. 1 m 3 ) n , 

m = = = 0.468 kg 

RT X (0.287 kPa • m 3 /kg • K)(298 K) 

Substituting into the energy balance, 

15 kJ = (0.468 k g)(h 2 - 298.18 kJ/kg) h 2 = 330.23 kJ/kg 
From Table A-17, T 2 = 329.9 K 



AIR 

P = const. 



Alternative solution Using specific heats at room temperature, c p = 1.005 kJ/kg. °C, the final temperature is determined to be 
W ^ —h x ) = mc p (T 2 -7])— > 15 kJ = (0.468 kg)(1.005 kJ/kg.°C)(r 2 - 25)°C 


which gives 

T 2 = 56.9°C 
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4-68 Carbon dioxide contained in a spring-loaded piston-cylinder device is heated. The work done and the heat transfer are 
to be determined. 

Assumptions 1 CO 2 is an ideal gas since it is at a high temperature relative to its critical temperature of 304.2 K. 2 The 
kinetic and potential energy changes are negligible, Ake = Ape = 0 . 


Properties The properties of C0 2 are R = 0.1889 kJ/kg-K and 
c v = 0.657 kJ/kg-K (Table A-2 a). 

Analysis We take C0 2 as the system. This is a closed system 
since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


E m ~ E out 


A E 


system 


Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

2i„ -W b , oat =AU=mc v (T 2 -7\) 

The initial and final specific volumes are 
v mRT x (1 kg)(0. 1 889 kPa • m 3 /kg • K)(298 K) Q ^ m3 


P 



P 


100 kPa 


„ _mRT 2 _(lkg)(0.1889kPa-m J /kg-K)(573K)_ AiAoo _3 
v 2 — — — u. 1 UoZ m 


A 


1000 kPa 


Pressure changes linearly with volume and the work done is equal to the area under the process line 1-2: 


W'ft.out = Area = ^ \ — ({/ 2 ~ G ) 

= (100 + 1000)kPa 0g2 _ 0 3 


= -250. 1 kJ 


lkJ 


lkPa-m 3 


Thus, 


W Wn =250.1kJ 


Using the energy balance equation, 

Qm = W^out + ( T 2 ~ t i) = -250. 1 kJ + (1 kg)(0.657 kJ/kg • K)(300 - 25)K = -69.4 kJ 

Thus, 


Gout =69.4kJ 
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4-69E A cylinder is initially filled with nitrogen gas at a specified state. The gas is cooled by transferring heat from it. The 
amount of heat transfer is to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 5 Nitrogen is an ideal gas with constant specific heats. 

Properties The gas constant of nitrogen is 0.3830 psia.ft /lbm.R. The specific heat of nitrogen at the average temperature of 
T- dW g = (700+200)/2 = 450°F is c p , avg = 0.2525 Btu/lbm.°F (Table A-2Eb). 

Analysis We take the nitrogen gas in the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this closed system can be expressed as 


^ in ^ out 

V 

Net en erg y trai s fer 
by heat, work, and mass 


A F 

^^system 

V 

Changein internal, kinetic, 
potential, etc. energies 


-Qo U t~ W b,out = A U = m(u 2 -Ml) >~Q ou , = m(h 2 -h x ) = mc p (T 2 -T x ) 


since A U + Wb = A H during a constant pressure quasi-equilibrium process. The mass of 
nitrogen is 

Py (40 psia)(25 ft 3 ) „„ C11U 

m = = = 2.25 1 lbm 

RT X (0.3830 psia • ft 3 /lbm- R)(l 160 R ) 



Substituting, 

Q ou{ = (2.251 lbm)(0.2525 Btu/lbm.°F)(700 - 200)°F = 284.2 Btu 


4-70 A piston-cylinder device contains air. A paddle wheel supplies a given amount of work to the air. The heat transfer is to 
be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
132.5 K and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific heats 
can be used for air. 


Analysis We take the air as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 

fin ~^out = ^system | | 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Wpw.'n -Wi.out + Gm = A U = me v (T 2 -T x ) 

Wpw,„ - w bfiut +Q m =0 (since T X =T 2 ) Q 

o =W, -W 

5=^in fr /?,out r pw,in 

Using the boundary work relation on a unit mass basis for the isothermal 
process of an ideal gas gives 



w b out = RT In ^ = RT In 3 = (0.287 kJ/kg • K)(290 K)ln3 = 91 .4 kJ/kg 

Substituting into the energy balance equation (expressed on a unit mass basis) gives 
Vin = W fc.out- W pw 4 n =91.4-75=16.4 kJ/kg 

Discussion Note that the energy content of the system remains constant in this case, and thus the total energy transfer output 
via boundary work must equal the total energy input via shaft work and heat transfer. 
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4-71 A cylinder is initially filled with air at a specified state. Air is heated electrically at constant pressure, and some heat is 
lost in the process. The amount of electrical energy supplied is to be determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 Air is an ideal gas 
with variable specific heats. 3 The thermal energy stored in the cylinder itself and the resistance wires is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 


Properties The initial and final enthalpies of air are (Table A- 17) 
h\ = ^@298 k = 298.18 kJ /kg 
^2 “ ^@350K = 350.49 kJ/kg 


Analysis We take the contents of the cylinder as the system. This is a closed 
system since no mass enters or leaves. The energy balance for this closed 
system can be expressed as 


^in ^ out 

V, J 

V 

Net energy tnnsfer 
by heat, work, and mass 


A F 

system 

s. J 

V 

Changein internal, kinetic, 
potential, etc. energies 


We,n - Sou, - W'b.out = ^ >W e , in = m(h 2 - hj + Q 


-out 



since A U + W b = AH during a constant pressure quasi-equilibrium process. Substituting, 
W c , in = (15 kg)(350.49 - 298.18)kJ/kg + (60 kJ) = 845 kJ 
or, 


w ejn = (845 kJ) 


'' 1 kWh 
3600 kJ 


= 0.235 kWh 


Alternative solution The specific heat of air at the average temperature of T. dVg = (25+ 11)12 = 51°C = 324 K is, from Table 
A-2b, Cp dWg = 1.0065 kJ/kg. °C. Substituting, 

W e ^ = mc p (T 2 -7|) + 2 out = (15 kg)(l .0065 kJ/kg.°C)(77 - 25)°C + 60 kJ = 845 kJ 


or, 


r 


W e , in = (845 kJ) 

v 


1 kWh 
3600 kJ y 


0.235 kWh 


Discussion Note that for small temperature differences, both approaches give the same result. 
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4-72 A cylinder initially contains nitrogen gas at a specified state. The gas is compressed polytropically until the volume is 
reduced by one-half. The work done and the heat transfer are to be determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The N 2 is an ideal gas 
with constant specific heats. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression or expansion 
process is quasi-equilibrium. 

• *3 

Properties The gas constant of N 2 is R = 0.2968 kPa.m/kg.K (Table A-l). The c v value of N 2 at the anticipated average 
temperature of 350 K is 0.744 kJ/kg.K (Table A-2b). 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass crosses the system 
boundary. The energy balance for this closed system can be expressed as 




Then the boundary work for this polytropic process can be determined from 


w „, - m =-\PdV = - 


P 2 V 2-m mR(T 2 - 7", ) 


1 — n 


1 — n 


(2.2 kg)(0. 2968 kJ/kg • K)(366.9 - 298)K 
1-1.3 


= 149. 9kJ 


Substituting into the energy balance gives 

2out =W b,in ~ mc A T 2 ~ T l) 

= 149.9 kJ - (2.2 kg)(0.744 kJ/kg.K)(366.9 - 298)K 

= 37.2kJ 
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4-73 ■ rrm< Problem 4-72 is reconsidered. The process is to be plotted on a P- (/diagram, and the effect of the polytropic 
exponent n on the boundary work and heat transfer as the polytropic exponent varies from 1.0 to 1.4 is to be investigated. 
The boundary work and the heat transfer are to be plotted versus the polytropic exponent. 

Analysis The problem is solved using EES, and the solution is given below. 


Procedure Work(P[2],V[2],P[1],V[1],n:W_in) 

If n=1 then 

W _in=-P[1 ]*V[1 ]*ln(V[2]/V[1 ]) 

Else 

W _in=-(P[2]*V[2]-P[1 ]*V[1 ])/(1 -n) 

endif 

End 

"Input Data" 

Vratio=0.5 "V[2]/V[1] = Vratio" 

"n=1.3" "Polytropic exponent" 

P[1] = 100 [kPa] 

T[1] = (25+273) [K] 
m=2.2 [kg] 

MM=molarmass(nitrogen) 

R_u=8.314 [kJ/kmol-K] 

R=R_u/MM 

V[1]=m*R*T[1]/P[1] 

"Process equations" 

V[2]=Vratio*V[1] 

P[2]*V[2]/T[2]=P[1 ]*V[1 ]/T[1 ]"The combined ideal gas law for 
states 1 and 2 plus the polytropic process relation give P[2] and T[2]" 

P[2]*V[2] A n=P[1 ]*V[1 ] A n 

"Conservation of Energy for the closed system:" 

"EJn - E_out = DeltaE, we neglect Delta KE and Delta PE for the system, the nitrogen." 

Q_out= W_in-m*(u[2]-u[1]) 

u[1]=intenergy(N2, T=T[1]) "internal energy for nitrogen as an ideal gas, kJ/kg" 
u[2]=intenergy(N2, T=T[2]) 

Call Work(P[2],V[2],P[1 ],V[1 ],n :W_in) 

"The following is required for the P-v plots" 

{P_plot*spv_plot/T_plot=P[1 ]*V[1 ]/m/T[1 ] 

"The combined ideal gas law for states 1 and 2 plus the polytropic process relation give P[2] and T[2]" 
P_plot*spv_plot A n=P[1 ]*(V[1 ]/m) A n} 

{spV_plot=R*T_plot/P_plot"[m A 3]"} 
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Pressure vs. specific volume as function of polytropic exponent 



n 

Qout 

kJ] 

W in 

[kJ] 

i 

134.9 

134.9 

1.044 

121.8 

137 

1.089 

108.2 

139.1 

1.133 

94.25 

141.3 

1.178 

79.8 

143.5 

1.222 

64.86 

145.8 

1.267 

49.42 

148.1 

1.311 

33.45 

150.5 

1.356 

16.93 

152.9 

1.4 

-0.1588 

155.4 
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4-74E A cylinder initially contains air at a specified state. Heat is transferred to the air, and air expands isothermally. The 
boundary work done is to be determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The air is an ideal gas 
with constant specific heats. 3 The compression or expansion process is quasi-equilibrium. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass crosses the system 
boundary. The energy balance for this closed system can be expressed as 

F - F = A F 

^ln -^out '-^system 

V v ' , v V ' 

Net energy traisfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Sin -Wb, 0 ut = A U = m(u 2 -u{) = me v (T 2 - T{) = Q 
since u = u(T) for ideal gases, and thus u 2 = u\ when T\ = T 2 . Therefore, 

^b.out = S ln =40Btu 
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4-75 N ^ i>r A cylinder equipped with a set of stops on the top is initially filled with air at a specified state. Heat is 
transferred to the air until the piston hits the stops, and then the pressure doubles. The work done by the air and the amount 
of heat transfer are to be determined, and the process is to be shown on a P-v diagram. 


Assumptions 1 Air is an ideal gas with variable specific heats. 2 The kinetic and potential energy changes are negligible, 
Ake = Ape = 0.3 The thermal energy stored in the cylinder itself is negligible. 


Properties The gas constant of air is R = 0.287 kPa.mVkg.K (Table A-l). 

Analysis We take the air in the cylinder to be the system. This is a closed 
system since no mass crosses the boundary of the system. The energy 
balance for this closed system can be expressed as 


E in - £out 

V 

Net energy transfer 
by heat, work, and mass 


A F 

'-^system 

V J 

V 

Changein internal, kinetic, 
potential, etc. energies 


Gin— Wb,out = A U =m(u 3 -u l ) 


Gin ='«(M 3 - M l) + Wb,out 



G 


The initial and the final volumes and the final temperature of air are 
determined from 


mRT x _ (3 kg)(0.287 kPa • m 3 /kg - K)(300 K) 
P l ~ 200 kPa 


t/ 3 =2(/j = 2x1.29 = 2.58 m 3 

Py\ _ ^ 3^3 > j _ ^3 ^3 j _ 

7] r 3 3 i] v x 1 


400 kPa 
200 kPa 


x 2 x (300 K) = 1200 K 


No work is done during process 2-3 since i/ 2 = (/> The pressure remains constant 
during process 1-2 and the work done during this process is 



W h =fpdW = P2^ 2 -^) 


= (200 kPa)(2.58 -1.29) m 


lkJ 

lkPa-m 3 


= 258 kj 


The initial and final internal energies of air are (Table A- 17) 

— ^@3ook = 214.07 kJ/kg 
r<3 — w @i200K —933.33 kJ/kg 


Substituting, 

Q in = (3 kg)(933.33 - 214.07)kJ/kg + 258 kJ = 2416 kj 


Alternative solution The specific heat of air at the average temperature of r avg = (300 + 1200)/2 = 750 K is, from Table A- 
2b, = 0.800 kJ/kg. K. Substituting 

Gin = fn(u 3 -Md +W bout = mc v (T 3 -T x ) + W bi0ut 

= (3 kg)(0.800 kJ/kg. K)(l 200 - 300) K + 258kJ = 2418 kj 
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4-76 Air at a specified state contained in a piston-cylinder device with a set of stops is heated until a final temperature. The 
amount of heat transfer is to be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature relative to its critical temperature of 304.2 K. 2 The 
kinetic and potential energy changes are negligible, Ake = Ape = 0 . 


Properties The properties of air are R = 0.287 kJ/kg-K and c v = 0.718 kJ/kg-K (Table A-2 a). 


Analysis We take air as the system. This is a closed system since no mass 
crosses the boundaries of the system. The energy balance for this system can 
be expressed as 


77 77 a J 7 

yhn ^out — system 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Sin - W 6i0u t = A[/ = mc v (T 2 - T x ) 

The volume will be constant until the pressure is 200 kPa: 



T 2 =T x 


h 

p 


= (296 K) 


200 kPa 
100 kPa 


= 592 K 


The mass of the air is 


m = 


RT X 


(100 kPa)(0.25 m 3 ) 
(0.287 kPa • m 3 /kg • K)(296 K) 


0.2943 kg 


The boundary work done during process 2-3 is 

W h , )ut = P 2 (V 3 -V 2 ) = mR(T 3 -T 2 ) 

= (0.2943 kg)(0.287 kPa • m 3 /kg • K)(700 - 592)K 
= 9.12kJ 


P A 

(kPa) 


200 


100 



3 

> 


C/(m 3 ) 


Substituting these values into energy balance equation, 

Gin = W b,out + mc v (T 3 - T x ) = 9. 12 kJ + (0.2943 kg)(0.7 1 8 kJ/kg • K)(700 - 296)K = 94.5 k J 
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4-77 Air at a specified state contained in a piston-cylinder device undergoes an isothermal and constant volume process 
until a final temperature. The process is to be sketched on the P- 1 / diagram and the amount of heat transfer is to be 
determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature relative to its critical temperature of 304.2 K. 2 The 
kinetic and potential energy changes are negligible, Ake = Ape = 0 . 


Properties The properties of air are R = 0.287 kJ/kg-K and c v = 0.718 kJ/kg-K (Table A-2 a). 


Analysis (a) The processes 1-2 (isothermal) and 2-3 (constant-volume) are 
sketched on the P- C/diagram as shown. 

(b) We take air as the system. This is a closed system since no mass crosses 
the boundaries of the system. The energy balance for this system fort he 
process 1 -3 can be expressed as 

77 77 _ A T7 

An ^out — ^.system 

V v ' V V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

- W b,out,l-2 + Gin = A U = me v (T 3 - 7, ) 



The mass of the air is 


m = 


77 , 


(600kPa)(0.8m 3 ) 

(0.287 kPa • m 3 /kg • K)(1200 K) 


1.394 kg 


The work during process 1-2 is determined from boundary work relation 
for an isothermal process to be 




V 


P 


b,out, 1-2 


= mRT { In — = mRT x In — 




A 


= (1.394 kg)(0. 287 kPa • m 3 /kg • K)(1200 K)ln 600 kPa 

300 kPa 

= 332.8 kJ 


P 



since 


v 

t'l 


A 

Pi 


for an isothermal process. 


Substituting these values into energy balance equation, 

Gin out, 1-2 +mc v (T 3 -7,) 

= 332.8 kJ + (1.394 kg)(0.718 kJ/kg • K)(300 - 1200)K 

= -568kJ 


Thus, 

Gout = 568 kJ 
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4-78 A cylinder initially contains argon gas at a specified state. The gas is stirred while being heated and expanding 
isothermally. The amount of heat transfer is to be determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The air is an ideal gas 
with constant specific heats. 3 The compression or expansion process is quasi-equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass crosses the system 
boundary. The energy balance for this closed system can be expressed as 


Ein E out 


'system 


Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Gin +Wpw,in -WUt = At/ = m(u 2 —U\) = mc v (T 2 -7J) = 0 
since u = u(T) for ideal gases, and thus u 2 = u x when T\ = T 2 . Therefore, 

On=^ ut -W pWiin =15-3 = 12k| 



Closed System Energy Analysis: Solids and Liquids 

4-79E Liquid water experiences a process from one state to another. The internal energy and enthalpy changes are to be 
determined under different assumptions. 

Analysis (a) Using the properties from compressed liquid tables 

u x = Wy @50 o F = 18.07 Btu/lbm (TableA-4E) 

h x = hf@ 50 o F + Vf (7 > -/ 5 sat@r ) 

f \ 

= 18.07 Btu/lbm + (0.01602 ft 3 /lbm)(50 -0.17812) psia = 18.21 Btu/lbm 

^5.404 psia- ft 3 y 

P 2 = 2000 psia] u 2 = 67.36 Btu/lbm 
2 [ 2 (T able A - 7E) 

T 2 = 100°F h 2 = 73.30 Btu/lbm 

A u=u 2 -u x =67.36-18.07 = 49.29Btu/lbm 
A h = h 2 -h x = 73.30-18.21 = 55.08Btu/lbm 

(b) Using incompressible substance approximation and property tables (Table A-4E), 

u x =iif @5() o F = 18.07 Btu/lbm 
h x = hf@ 5 Q° F =18.07 Btu/lbm 
u 2 = u y@ 10( p F - 68.03 Btu/lbm 
h 2 = h j-@ 100>F =68.03 Btu/lbm 

A u =u 2 -u x =68.03-18.07 = 49.96Btu/lbm 
A h = h 2 -h x =68.03-18.07 = 49.96Btu/lbm 

(c) Using specific heats and taking the specific heat of water to be 1.00 Btu/lbm-R (Table A-3E a). 

Ah = Au = cAT = (1 .00 Btu/lbm- R)(100 - 50)R = 50 Btu/lbm 
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4-80E A person shakes a canned of drink in a iced water to cool it. The mass of the ice that will melt by the time the canned 
drink is cooled to a specified temperature is to be determined. 

Assumptions 1 The thermal properties of the drink are constant, and are taken to be the same as those of water. 2 The effect 
of agitation on the amount of ice melting is negligible. 3 The thermal energy capacity of the can itself is negligible, and thus 
it does not need to be considered in the analysis. 

Properties The density and specific heat of water at the average temperature of (85+37)/2 = 61°F are p = 62.3 lbm/ft , and c p 
= 1.0 Btu/lbm.°F (Table A-3E). The heat of fusion of water is 143.5 Btu/lbm. 

Analysis We take a canned drink as the system. The energy balance for this closed system can be expressed as 



v* 


Net energy transfer 
by heat, work, and mass 


A F 

L -^ system 

V J 

V 

Changein internal, kinetic, 
potential, etc. energies 


"Gout = A ^canneddrink =m(u 2 ~U { ) >Q out =mc(T l -T 2 ) 


Noting that 1 gal = 128 oz and 1 ft 3 = 7.48 gal = 957.5 oz, the total amount of 
heat transfer from a ball is 


m = pV = (62.3 lbm/ft 3 )(12 oz/can) 


f lft3 1 

( Igal ) 

(7. 48 gal J 

^ 128 fluid oz y 


= 0.781 lb m/can 


Q out = mc(T x -T 2 ) = (0.78 1 lbm/can)(l .0 Btu/lbm .°F)(85 - 37)°F = 37.5 Btu/can 



Cola 

85°F 



Noting that the heat of fusion of water is 143.5 Btu/lbm, the amount of ice that will melt to cool the drink is 


™ice = 


Q 


out 


h 'f 


37.5 Btu/can 

143. 5 Btu/lbm 


= 0.261 lbm (per can of drink) 


since heat transfer to the ice must be equal to heat transfer from the can. 

Discussion The actual amount of ice melted will be greater since agitation will also cause some ice to melt. 
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4-81 An iron whose base plate is made of an aluminum alloy is turned on. The minimum time for the plate to reach a 
specified temperature is to be determined. 

Assumptions 1 It is given that 85 percent of the heat generated in the resistance wires is transferred to the plate. 2 The 
thermal properties of the plate are constant. 3 Heat loss from the plate during heating is disregarded since the minimum 
heating time is to be determined. 4 There are no changes in kinetic and potential energies. 5 The plate is at a uniform 
temperature at the end of the process. 

Properties The density and specific heat of the aluminum alloy plate are given to be p = 2770 kg/nr and c p = 875 kJ/kg.°C. 
Analysis The mass of the iron's base plate is 


m = pV = pLA = (2770 kg/m 3 )(0.005 m)(0.03 m 2 ) = 0.4155 kg 

Noting that only 85 percent of the heat generated is transferred to the plate, 
the rate of heat transfer to the iron's base plate is 

Q m = 0.90 x 1000 W = 900 W 

We take plate to be the system. The energy balance for this closed system can 
be expressed as 


Air 

22°C 


E in ~ E out 


A F 

system 



Net energy traisfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Gin = Ac/ piate = m{u 2 -w,) >Q m At =mc(T 2 -T x ) 

Solving for At and substituting, 

A? = = (0.4155 kg)(875 J/kg.°C)(200 - 22)°C = 9§ 

Gin “ 900 J/s 

which is the time required for the plate temperature to reach the specified temperature. 
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4-82 Stainless steel ball bearings leaving the oven at a specified uniform temperature at a specified rate are exposed to air 
and are cooled before they are dropped into the water for quenching. The rate of heat transfer from the ball bearing to the air 
is to be determined. 

Assumptions 1 The thermal properties of the bearing balls are constant. 2 The kinetic and potential energy changes of the 
balls are negligible. 3 The balls are at a uniform temperature at the end of the process 

Properties The density and specific heat of the ball bearings are given to be p = 8085 kg/m and c p = 0.480 kJ/kg.°C. 

Analysis We take a single bearing ball as the system. 

The energy balance for this closed system can be 
expressed as 

Furnace 

Water, 25°C 

Steel balls, 900°C 

onnonn 

The total amount of heat transfer from a ball is 

m = pV = p — = (8085 kg/m 3 ) ^°- 012m) = 0.0073 15 kg 
6 6 

Q out = mc(T x -T 2 ) = (0.007315 kg)(0.480 kJ/kg.°C)(900- 850)°C = 0.1756 kJ/ball 
Then the rate of heat transfer from the balls to the air becomes 

2 total - ^ bail So ut (per ball) ~ (800 ball s/min)x (0. 1756 kJ/ball) = 140.5 kj/min = 2.34 kW 
Therefore, heat is lost to the air at a rate of 2.34 kW. 


in 


'out 


Net en erg y trai s fer 
by heat, work, and mass 


^^system 

s. J 

V 

Changein internal, kinetic, 
potential, etc. energies 


- Gout = At/ ball = m ( u 2 - u \ ) 

Gout = mc ( 7 l ~ T l) 


4-83E Large brass plates are heated in an oven at a rate of 300/min. The rate of heat transfer to the plates in the oven is to be 
determined. 


Assumptions 1 The thermal properties of the plates are constant. 2 The changes in kinetic and potential energies are 
negligible. 


Properties The density and specific heat of the brass are given to be 
p= 532.5 lbm/ft 3 and c p = 0.091 Btu/lbm.°F. 

Analysis We take the plate to be the system. The energy balance for 
this closed system can be expressed as 


^in £out — '^'system 

V V ' , v V ' 

Net energy traisfer Changein internal, kinetic, 

by heat, wo rk, and mass potential, etc. energies 

Gin = AC/ plate = m ( U 2 ~ U \) = mc(T 2 -l\) 


The mass of each plate and the amount of heat transfer to each plate is 

m = pV = pLA = (532.5 lbm/ft 3 )[(1 .6 / 12 ft )(2 ft)(2 ft)] =2841bm 



Q in = mc(T 2 -T x ) = (284 lbm/plate)(0.091 Btu/lbm.°F)(900 - 75)°F = 21,320 Btu/plate 
Then the total rate of heat transfer to the plates becomes 

2totai “ ^ plate Q'm per plate = (300 plates/min) x (21,320 Btu/plate) = 6,396,000Btu/min = 106,600 Btu/s 
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4-84 Long cylindrical steel rods are heat-treated in an oven. The rate of heat transfer to the rods in the oven is to be 
determined. 

Assumptions 1 The thermal properties of the rods are constant. 2 The changes in kinetic and potential energies are 
negligible. 

Properties The density and specific heat of the steel rods are given to be p = 7833 kg/m and c p = 0.465 kJ/kg.°C. 

Analysis Noting that the rods enter the oven at a velocity of 2 m/min and exit at the same velocity, we can say that a 3-m 
long section of the rod is heated in the oven in 1 min. Then the mass of the rod heated in 1 minute is 

m = pV = pLA = pL{7iD 2 / 4) = (7833 kg/m 3 )(2 m)[;r(0.08 m) : 2 / 4] = 78.75 kg 

We take the 2-m section of the rod in the oven as the system. The 
energy balance for this closed system can be expressed as 

F - F = A F 

~in -^out ^-^system 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

Gin = AU rod = m(u 2 - Mi) = mc(T 2 -7j) 

Substituting, 

Q m = mc(T 2 -T x ) = (78.75 kg)(0.465 kJ/kg.°C)(700 - 30)°C = 24,530 kJ 
Noting that this much heat is transferred in 1 min, the rate of heat transfer to the rod becomes 
Q m = Q m / At = (24,530 kJ)/(l min) = 24,530kJ/min = 409kW 
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4-85 An electronic device is on for 5 minutes, and off for several hours. The temperature of the device at the end of the 5- 
min operating period is to be determined for the cases of operation with and without a heat sink. 

Assumptions 1 The device and the heat sink are isothermal. 2 The thermal properties of the device and of the sink are 
constant. 3 Heat loss from the device during on time is disregarded since the highest possible temperature is to be 
determined. 

Properties The specific heat of the device is given to be c p = 850 J/kg.°C. The specific heat of aluminum at room 
temperature of 300 K is 902 J/kg.°C (Table A-3). 

Analysis We take the device to be the system. Noting that electrical energy is 

supplied, the energy balance for this closed system can be expressed as Electronic 

F -F = A p device, 25°C 

^in -'-'out ^^system 

V v J , V V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Wean = At/ device = m(u 2 - M t ) 

W cm At = mc(T 2 -T l ) 

Substituting, the temperature of the device at the end of the process is determined to be 

(25 J/s)(5 x 60 s) = (0.020 kg)(850 J/kg.°C)(r 2 - 25)°C -> T 2 = 466°C (without the heat sink) 

Case 2 When a heat sink is attached, the energy balance can be expressed as 

^e,in — ^ ^device ^ ^heatsink 
^e,in A? = mc ( T 2 - 7 ’|)device + Wt ’( 7 2 “^heatsink 

Substituting, the temperature of the device-heat sink combination is determined to be 

(25 J/s)(5 x 60 s) = (0.020 kg)(850 J/kg.°C)(r 2 - 25)°C + (0.500 kg)(902 J/kg.°C)(T 2 - 25)°C 
T 2 = 41 .0°C (with heat sink) 

Discussion These are the maximum temperatures. In reality, the temperatures will be lower because of the heat losses to the 
surroundings. 
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4-86 mmi Problem 4-85 is reconsidered. The effect of the mass of the heat sink on the maximum device temperature as 
the mass of heat sink varies from 0 kg to 1 kg is to be investigated. The maximum temperature is to be plotted against the 
mass of heat sink. 


Analysis The problem is solved using EES, and the solution is given below. 


"Knowns:" 

"T_1 is the maximum temperature of the device" 

Q_dot_out = 25 [W] 
m_device=20 [g] 

Cp_device=850 [J/kg-C] 

A=5 [cm A 2] 

DELTAt=5 [min] 

T_amb=25 [C] 

(m_sink=0.5 [kg]} 

"Cp_al taken from Table A-3(b) at 300K" 

Cp_al=0.902 [kJ/kg-C] 

T_2=T_amb 

"Solution:" 

"The device without the heat sink is considered to be a closed system." 

"Conservation of Energy for the closed system:" 

"E_dot_in - E_dot_out = DELTAEdot, we neglect DELTA KE and DELTA PE for the system, the device." 
E_dot_in - E_dot_out = DELTAE_dot 
Edotin =0 
Edotout = Qdotout 

"Use the solid material approximation to find the energy change of the device." 

DELTAE_dot= m_device*convert(g,kg)*Cp_device*(T_2-T_1_device)/(DELTAt*convert(min,s)) 

"The device with the heat sink is considered to be a closed system." 

"Conservation of Energy for the closed system:" 

"E_dot_in - E_dot_out = DELTAE dot, we neglect DELTA KE and DELTA PE for the device with the heat sink." 
E_dot_in - E_dot_out = DELTAE_dot_combined 

"Use the solid material approximation to find the energy change of the device." 

DELTAE_dot_combined= (m_device*convert(g,kg)*Cp_device*(T_2-T_1_device&sink)+m_sink*Cp_al*(T_2- 
T_1_device&sink)*convert(kJ,J))/(DELTAt*convert(min,s)) 


rHsink 

rkgi 

T 1,device&sink 

[C] 

0 

466.2 

0.1 

94.96 

0.2 

62.99 

0.3 

51.08 

0.4 

44.85 

0.5 

41.03 

0.6 

38.44 

0.7 

36.57 

0.8 

35.15 

0.9 

34.05 

1 

33.16 
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4-87 The face of a person is slapped. For the specified temperature rise of the affected part, the impact velocity of the hand 
is to be determined. 

Assumptions 1 The hand is brought to a complete stop after the impact. 2 The face takes the blow without significant 
movement. 3 No heat is transferred from the affected area to the surroundings, and thus the process is adiabatic. 4 No work 
is done on or by the system. 5 The potential energy change is zero, APE = 0 and A E = AU + AKE. 

Analysis We analyze this incident in a professional manner without involving any emotions. First, we identify the system, 
draw a sketch of it, and state our observations about the specifics of the problem. We take the hand and the affected portion 
of the face as the system. This is a closed system since it involves a fixed amount of mass (no mass transfer). We observe 
that the kinetic energy of the hand decreases during the process, as evidenced by a decrease in velocity from initial value to 
zero, while the internal energy of the affected area increases, as evidenced by an increase in the temperature. There seems to 
be no significant energy transfer between the system and its surroundings during this process. Under the stated assumptions 
and observations, the energy balance on the system can be expressed as 

A F 

system 

s. j 

V 

Changein internal, kinetic, 
potential,etc. energies 

affected tissue ^^^hand 

{me AT) a ff ec ted tissue \m(0 ~V ) / 2] h anc j 

That is, the decrease in the kinetic energy of the hand must be equal to the increase in the internal energy of the affected 
area. Solving for the velocity and substituting the given quantities, the impact velocity of the hand is determined to be 



= 55.1 m/s (or 198 km/h) 


Discussion Reconstruction of events such as this by making appropriate assumptions are commonly used in forensic 
engineering. 
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4-88 A number of brass balls are to be quenched in a water bath at a specified rate. The rate at which heat needs to be 
removed from the water in order to keep its temperature constant is to be determined. 

Assumptions 1 The thermal properties of the balls are constant. 2 The balls are at a uniform temperature before and after 
quenching. 3 The changes in kinetic and potential energies are negligible. 

Properties The density and specific heat of the brass balls are given to be p = 8522 kg/nr and c p = 0.385 kJ/kg.°C. 

Analysis We take a single ball as the system. The energy balance for this closed system can be expressed as 

^in — ^out = A^system 

v — v — ' . v — ; — ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

~ Qout = AU bdi = m{u 2 -u x ) 

Q oat = mC(T l -T 2 ) 

The total amount of heat transfer from a ball is 



m = p[/ = p — = (8522 kg/m 3 ) ;r( °' 05 m) = 0.558 kg 
6 6 

Q out = mc(T x -T 2 ) = (0.558 kg)(0.385 kJ/kg. o C)(120-74)°C = 9.88 kJ/ball 


Then the rate of heat transfer from the balls to the water becomes 


(2 total = ^baii2baii = (100 balls/min)x (9.88 kJ/ball) = 988kJ/miii 


Therefore, heat must be removed from the water at a rate of 988 kJ/min in order to keep its temperature constant at 50 °C 
since energy input must be equal to energy output for a system whose energy level remains constant. That is, 
E in ~ Eout when A £ system = 0 . 
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4-89 A number of aluminum balls are to be quenched in a water bath at a specified rate. The rate at which heat needs to be 
removed from the water in order to keep its temperature constant is to be determined. 

Assumptions 1 The thermal properties of the balls are constant. 2 The balls are at a uniform temperature before and after 
quenching. 3 The changes in kinetic and potential energies are negligible. 

Properties The density and specific heat of aluminum at the average temperature of (120+74)/2 = 97°C = 370 K are p = 
2700 kg/m 3 and c p = 0.937 kJ/kg.°C (Table A-3). 

Analysis We take a single ball as the system. The energy balance for this closed system can be 
expressed as 


^ in E out 

\ J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

s. j 

V 

Changein internal, kinetic, 
potential, etc. energies 


“Gout = A t / ball =m(u 2 -Ml) 
Gout =mc(T l -T 2 ) 


The total amount of heat transfer from a ball is 



,, 7iD 3 /r(0.05 m) 3 _ . 

m = pi/ = p = (2700 kg/m) = 0.1767 kg 

6 6 

2out =rnc(T l -T 2 ) = (0.1767 kg)(0.937 kJ/kg. o C)(120-74)°C = 7.62 kJ/ball 


Then the rate of heat transfer from the balls to the water becomes 


<2totai = ^baiiQbaii = (100 balls/min)x (7.62 kJ/ball) = 762 kj/min 

Therefore, heat must be removed from the water at a rate of 762 kJ/min in order to keep its temperature constant at 50 °C 
since energy input must be equal to energy output for a system whose energy level remains constant. That is, 
E in ~ E out when A £’ system = 0 . 


Special Topic: Biological Systems 


4-90C The food we eat is not entirely metabolized in the human body. The fraction of metabolizable energy contents are 
95.5% for carbohydrates, 77.5% for proteins, and 97.7% for fats. Therefore, the metabolizable energy content of a food is 
not the same as the energy released when it is burned in a bomb calorimeter. 


4-91C Yes. Each body rejects the heat generated during metabolism, and thus serves as a heat source. For an average adult 
male it ranges from 84 W at rest to over 1000 W during heavy physical activity. Classrooms are designed for a large 
number of occupants, and thus the total heat dissipated by the occupants must be considered in the design of heating and 
cooling systems of classrooms. 


4-92C 1 kg of natural fat contains almost 8 times the metabolizable energy of 1 kg of natural carbohydrates. Therefore, a 
person who fills his stomach with carbohydrates will satisfy his hunger without consuming too many calories. 
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4-93 The average body temperature of the human body rises by 2°C during strenuous exercise. The increase in the thermal 
energy content of the body as a result is to be determined. 

Properties The average specific heat of the human body is given to be 3.6 kJ/kg.°C. 

Analysis The change in the sensible internal energy of the body is 
AU = mcAT = (80 kg)(3.6 kJ/kg°C)(2°C) = 576 kj 
as a result of body temperature rising 2°C during strenuous exercise. 


4-94 Two men are identical except one jogs for 30 min while the other watches TV. The weight difference between these 
two people in one month is to be determined. 


Assumptions The two people have identical metabolism rates, and are identical in every other aspect. 

Properties An average 68-kg person consumes 540 Cal/h while jogging, and 72 Cal/h while watching TV (Table 4-2). 


Analysis An 80-kg person who jogs 0.5 h a day will have jogged a total of 15 h a month, and will consume 


^consumed = [(540 - 72) Cal/h](15 h) 


4. 1868kJ N 

80 kg ' 

[ ICal J 

i. 68 kg y 


= 34,578 kJ 


more calories than the person watching TV. The metabolizable energy content of 1 kg of fat is 33,100 kJ. Therefore, the 
weight difference between these two people in 1 -month will be 


a... ^consumed 34,578 kj 

A/72f„t — — 

Energy content of fet 33, 100 kJ/kg 


1.04 kg 


4-95 A bicycling woman is to meet her entire energy needs by eating 30-g candy bars. The number of candy bars she needs 
to eat to bicycle for 1-h is to be determined. 

Assumptions The woman meets her entire calorie needs from candy bars while bicycling. 

Properties An average 68-kg person consumes 639 Cal/h while bicycling, and the energy content of a 20-g candy bar is 105 
Cal (Tables 4-1 and 4-2). 

Analysis Noting that a 20-g candy bar contains 105 Calories of metabolizable energy, a 30-g candy bar will contain 



= 157.5 Cal 


of energy. If this woman is to meet her entire energy needs by eating 30-g candy bars, she will need to eat 


_ 639Cal/h 
candy “ 157.5Cal 


4candybars/h 
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4-96 A 90-kg man eats 1-L of ice cream. The length of time this man needs to jog to burn off these calories is to be 
determined. 

Assumptions The man meets his entire calorie needs from the ice cream while jogging. 


4-71 


Properties An average 68-kg person consumes 540 Cal/h while jogging, and the energy content of a 100-ml of ice cream is 
1 10 Cal (Tables 4-1 and 4-2). 


Analysis The rate of energy consumption of a 55-kg person while jogging is 


E 


consumed 


(540 Cal/h 


90 kg" 
68kg y 


= 715 Cal/h 


Noting that a 100-ml serving of ice cream has 110 Cal of metabolizable energy, a 1 -liter box of ice cream will have 1100 
Calories. Therefore, it will take 


A t = 


1100 Cal 
715 Cal/h 


= 1.54h 


of jogging to burn off the calories from the ice cream. 


4-97 A man switches from an apple a day to 200-ml of ice cream and 20-min walk every day. The amount of weight the 
person will gain or lose with the new diet is to be determined. 

Assumptions All the extra calories are converted to body fat. 

Properties The metabolizable energy contents are 70 Cal for a an apple and 220 Cal for a 200-ml serving of ice cream 
(Table 4-1). An average 68-kg man consumes 432 Cal/h while walking (Table 4-2). The metabolizable energy content of 1 
kg of body fat is 33,100 kJ. 

Analysis The person who switches from the apple to ice cream increases his calorie intake by 
£ extra =220 - 70 = 150Cal 


The amount of energy a 60-kg person uses during a 20-min walk is 


^consumed = ( 432 Cal/h)(20 min) 


f lh ^ 

60 kg^ 

v 60 min y 

v 68kg y 


= 127 Cal 


Therefore, the man now has a net gain of 150 - 127 = 23 Cal per day, which corresponds to 23x30 = 690 Cal per month. 
Therefore, the man will gain 


™fet = 


690 Cal 
33,100 kJ/kg 


G. 1868 U" 

1 Cal 


0.087 kg 


of body fat per month with the new diet. (Without the exercise the man would gain 0.569 kg per month). 
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4-98 A man with 20-kg of body fat goes on a hunger strike. The number of days this man can survive on the body fat alone 
is to be determined. 

Assumptions 1 The person is an average male who remains in resting position at all times. 2 The man meets his entire 
calorie needs from the body fat alone. 

Properties The metabolizable energy content of fat is 33,100 Cal/kg. An average resting person burns calories at a rate of 72 
Cal/h (Table 4-2). 

Analysis The metabolizable energy content of 20 kg of body fat is 
E m = (33, 100 kJ/kgX20 kg) = 662,000 kJ 


The person will consume 


£cons Um ed=(72Cal/h)(24h 


4. 1868 kJ 
1 Cal 


\ 


= 7235 kJ/day 


Therefore, this person can survive 


A ^_ 662,000 kJ 
~ 7235 kJ/day 


= 91.5 days 


on his body fat alone. This result is not surprising since people are known to survive over 100 days without any food intake. 


4-99 Two 50-kg women are identical except one eats her baked potato with 4 teaspoons of butter while the other eats hers 
plain every evening. The weight difference between these two woman in one year is to be determined. 

Assumptions 1 These two people have identical metabolism rates, and are identical in every other aspect. 2 All the calories 
from the butter are converted to body fat. 

Properties The metabolizable energy content of 1 kg of body fat is 33,100 kJ. The metabolizable energy content of 1 
teaspoon of butter is 35 Calories (Table 4-1). 

Analysis A person who eats 4 teaspoons of butter a day will consume 


^consumed = ( 35 Cal/teaspoon)(4 teaspoons/day 


365 days N 
1 year 


= 51,100 Cal/year 


Therefore, the woman who eats her potato with butter will gain 


™fat = 


51,100 Cal f 4. 1868 kJ 
33,100kJ/kg[ 1 Cal 


= 6.5 kg 


of additional body fat that year. 
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4-100 A woman switches from 1-L of regular cola a day to diet cola and 2 slices of apple pie. It is to be determined if she is 
now consuming more or less calories. 

Properties The metabolizable energy contents are 300 Cal for a slice of apple pie, 87 Cal for a 200-ml regular cola, and 0 
for the diet drink (Table 4-3). 

Analysis The energy contents of 2 slices of apple pie and 1 -L of cola are 
£p ie = 2 x (300 Cal) = 600 Cal 
£ cola =5x(87Cal)=435 Cal 

Therefore, the woman is now consuming more calories. 


4-101E A man and a woman have lunch at Burger King, and then shovel snow. The shoveling time it will take to burn off 
the lunch calories is to be determined for both. 


Assumptions The food intake during lunch is completely metabolized by the body. 

Properties The metabolizable energy contents of different foods are as given in the problem statement. Shoveling snow 
burns calories at a rate of 420 Cal/h for the woman and 610 Cal/h for the man (given). 

Analysis The total calories consumed during lunch and the time it will take to burn them are determined for both the man 
and woman as follows: 


Man : Lunch calories = 720+400+225 = 1345 Cal. 

t . . 1345 Cal 0 

Shoveling time: AT hovplinpm , in = = 2.2Uh 

5 shovelmgrnan 61 Q Cal/h 

Woman : Lunch calories = 330+400+0 = 730 Cal. 


Shoveling time: 


At 


shoveling, wo man 


730 Cal 
420 Cal/h 


1.74h 


4-102 Three people have different lunches. The person who consumed the most calories from lunch is to be determined. 

Properties The metabolizable energy contents of different foods are 530 Cal for the Big Mac, 640 Cal for the whopper, 350 
Cal for french fries, and 5 Cal for each olive (given). 

Analysis The total calories consumed by each person during lunch are: 

Person 1: Lunch calories = 530 Cal 

Person 2: Lunch calories = 640 Cal 

Person 3: Lunch calories = 350+5x50 = 600 Cal 

Therefore, the person with the Whopper will consume the most calories. 
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4-103 A 75-kg man decides to lose 5 kg by exercising without reducing his calorie intake. The number of days it will take 
for this man to lose 5 kg is to be determined. 

Assumptions 1 The diet and exercise habits of the person remain the same other than the new daily exercise program. 2 The 
entire calorie deficiency is met by burning body fat. 

Properties The metabolizable energy content of body fat is 33,100 Cal/kg (text). 

Analysis The energy consumed by an average 68 -kg adult during fast- swimming, fast dancing, jogging, biking, and relaxing 
are 860, 600, 540, 639, and 72 Cal/h, respectively (Table 4-2). The daily energy consumption of this 75-kg man is 


[(860 + 600 + 540 + 639 Cal/h Xlh ) + (72 Cal/h)(23 h )] 


75 kg 
68 kg 


= 4737 Cal 


Therefore, this person burns 4737 - 4000 = 737 more Calories than he takes in, which corresponds to 


™fet = 


737 Cal 
33,100kJ/kg 


f 


4.1868 kJ 
1 Cal 


0.09324 kg 


of body fat per day. Thus it will take only 


A t = 


5 kg 

0.09324 kg/day 


53.6days 


for this man to lose 5 kg. 


4-104E The range of healthy weight for 
VT(kg) 

BMI = — — . This formula is to be 

H 2 ( m 2 ) 


adults is usually expressed in terms of the body mass index (BMI) in SI units as 
converted to English units such that the weight is in pounds and the height in inches. 


Analysis Noting that 1 kg = 2.2 lbm and 1 m =39.37 in, the weight in lbm must be divided by 2.2 to convert it to kg, and the 
height in inches must be divided by 39.37 to convert it to m before inserting them into the formula. Therefore, 


BMI = 


WQcg) 
H 2 (m 2 ) 


W(\bva) / 22 g W( lbm) 

H 2 ( in 2 )/(39.37) 2 ~ // 2 (in 2 ) 


Every person can calculate their own BMI using either SI or English units, and determine if it is in the healthy range. 
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4-105 A person changes his/her diet to lose weight. The time it will take for the body mass index (BMI) of the person to 
drop from 30 to 20 is to be determined. 

Assumptions The deficit in the calori intake is made up by burning body fat. 

Properties The metabolizable energy contents are 350 Cal for a slice of pizza and 87 Cal for a 200-ml regular cola. The 
metabolizable energy content of 1 kg of body fat is 33,100 kJ. 

Analysis The lunch calories before the diet is 

E old = 3xe pizza +2x<? coke = 3x(350Cal) + 2x(87 Cal) = 1224 Cal 

The lunch calories after the diet is 

E oXd = 2 xe pi zza + 1 x <?coke = 2 x (350 Cal) + 1 x (87 Cal) = 787 Cal 

The calorie reduction is 


^reduction =1224-787 = 437 Cal 
The corresponding reduction in the body fat mass is 


437 Cal 


f 


= 


4.1868 kJ 
ICal 


A 


= 0.05528 kg 


33,100kJ/kg 

The weight of the person before and after the diet is 

W x = BMIj x h 2 pizza = 30 x (1.6 m) 2 = 76.8 kg 
W 2 = BMI 2 x h 2 pizza = 20 x (1.6 m) 2 =51.2 kg 


Then it will take 


Time= 




m te 


(76.8 -5 1.2) kg 
0.05528 kg/day 


= 463 days 


for the BMI of this person to drop to 20. 


4-106E An average American adult switches from drinking alcoholic beverages to drinking diet soda. The amount of weight 
the person will lose per year as a result of this switch is to be determined. 

Assumptions 1 The diet and exercise habits of the person remain the same other than switching from alcoholic beverages to 
diet drinks. 2 All the excess calories from alcohol are converted to body fat. 

Properties The metabolizable energy content of body fat is 33,100 Cal/kg (text). 

Analysis When the person switches to diet drinks, he will consume 210 fewer Calories a day. Then the annual reduction in 
the calories consumed by the person becomes 

Reduction in energy intake: £’ reduced = (210 Cal/day)(365 days/ year) = 76,650 Cal / year 

Therefore, assuming all the calories from the alcohol would be converted to body fat, the person who switches to diet drinks 
will lose 

„ , . , Reduction in energy intake E rp(]urp(] 76,650 Cal/yr 

Reduction in weight = — = ■ - = — — 

Enegy content of fat e M 33,100kJ/kg 

or about 21 pounds of body fat that year. 


4.1868 kJ 
1 Cal 


= 9.70 kg/yr 
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Review Problems 

4-107 For a 10°C temperature change of air, the final velocity and final elevation of air are to be determined so that the 
internal, kinetic and potential energy changes are equal. 

Properties The constant-volume specific heat of air at room temperature is 0.718 
kJ/kg.°C (Table A-2). 

Analysis The internal energy change is determined from 

A u = c„AT = (0.718 kJ/kg. o C)(10°C) = 7.18 kJ/kg 

Equating kinetic and potential energy changes to internal energy change, the final 
velocity and elevation are determined from 

Am = Ake = — (V 2 2 -V?) >7.18U/kg = -(V 2 2 -0m 2 /s 2 )f lkJ/kg - >V 2 =120m/s 

2 2 U000m 2 /s 2 J 

An = Ape = g(z 7 - Zi) >7.18kJ/kg = (9.81m/s 2 )(z 2 -0m) — 1 kJ/kg ^ =732m 

V1000 m 2 /s 2 ) 


4-108 Heat is transferred to a piston-cylinder device containing air. The expansion work is to be determined. 

Assumptions 1 There is no friction between piston and cylinder. 2 Air is an ideal gas. 

Properties The gas contant for air is 0.287 kJ/kg. K (Table A-2a). 

Analysis Noting that the gas constant represents the boundary work for a unit 
mass and a unit temperature change, the expansion work is simply determined 
from 

W b = mATR = (0.5 kg)(5 K)(0.287 kJ/kg. K) = 0.71 75k J 
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4-109E An insulated rigid vessel contains air. A paddle wheel supplies work to the air. The work supplied and final 
temperature are to be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
238.5 R and 547 psia. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific heats 

can be used for air. 


Properties The specific heats of air at room temperature are c p = 0.240 Btu/lbm-R and c v = 0.171 Btu/lbm-R (Table A-2E a). 

Analysis We take the air as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 



v 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V J 

V 

Changein internal, kinetic, 
potential, etc. energies 


W P w,in = A U = me V (T , - T x ) 


As the specific volume remains constant during this process, the ideal gas 
equation gives 


T ? =T } = (520 R) 40 pSm = 693.3 R = 233.3°F 

P x 30 psia 




Substituting, 

Wp W , n =mc v (T 2 — 7i ) = (2 lbmXO. 171 Btu/lbm- R)(693. 3 - 520)R = 59.3 BtU 


4-110 Air at a given state is expanded polytropically in a piston-cylinder device to a specified pressure. The final 
temperature is to be determined. 


Analysis The polytropic relations for an ideal gas give 


T 2 = ?i 


/ \n-l/n 
£ 2 

\ P \ J 


= (400 + 273 K) 


llOkPa 
1000 kPa 


\ 0 . 2 / 1. 2 


= 466 K = 1 93°C 
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4-111 Nitrogen in a rigid vessel is heated. The work done and heat transfer are to be determined. 

Assumptions 1 Nitrogen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values 
of 126.2 K and 3.39 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0. 3 Constant specific 

heats at room temperature can be used for nitrogen. 

Properties For nitrogen, c v — 0.743 kJ/kg-K at room temperature (Table A-2 a). 

Analysis We take the nitrogen as the system. This is a closed system since no mass crosses the boundaries of the system. 

The energy balance for this system can be expressed as 

r r _ a/7 

^in ^out — ^ .system 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Gin =A U = me v (T 2 - 7’ ) 

There is no work done since the vessel is rigid: 

w = 0kJ/kg 


Nitrogen Jp 
100 kPa Q 

25°C 


Since the specific volume is constant during the process, the final temperature is determined from ideal gas equation to be 


T 2 = t i 


h 

P 


= (298 K) 


300 kPa 
100 psia 


= 894K 


Substituting, 

q m = C{/ (T x -T 2 ) = (0.743 kJ/kg • K)(894 - 298)K = 442.8k J/kg 
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4-112 A well-insulated rigid vessel contains saturated liquid water. Electrical work is done on water. The final temperature 
is to be determined. 


Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 The thermal energy 
stored in the tank itself is negligible. 

Analysis We take the contents of the tank as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this stationary closed system can be expressed as 


^in ^out — ^^system 

V V ' , K V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W e,in =A U =m(u 2 — M|) 


The amount of electrical work added during 30 minutes period is 


W e in = \IAt = (50 V)(10 A)(30 x 60 s) 


1 W 
1VA 


= 900,0001 = 900 kJ 


The properties at the initial state are (Table A-4) 
u i — vi j @4o°c = 167.53 kJ/kg 
t/j =^/@ 4 o°c = 0.001008 m 3 /kg.. 



Substituting, 


W e in = mill 2 -U x ) >u 2 = hl\ 



m 


167.53 kJ/kg + 900 l<J = 467.53 kJ/kg 
3 kg 


The final state is compressed liquid. Noting that the specific volume is constant during the process, the final temperature is 
determined using EES to be 


u 2 =467.53 kJ/kg 

c/ 2 = = 0.001008 m 3 /kg 


T 2 =118.9PC 


(from EES) 


Discussion We cannot find this temperature directly from steam tables at the end of the book. Approximating the final 
compressed liquid state as saturated liquid at the given internal energy, the final temperature is determined from Table A-4 
to be 


Tz =^sat@«=467.53kJ/kg 


111.5°C 


Note that this approximation resulted in an answer, which is not very close to the exact answer determined using EES. 
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4-113 A 1- ton (1000 kg) of water is to be cooled in a tank by pouring ice into it. The final equilibrium temperature in the 
tank is to be determined. 


Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the water tank is negligible. 3 There 
is no stirring by hand or a mechanical device (it will add energy). 


Properties The specific heat of water at room temperature is c = 4.18 kJ/kg°C, and the specific heat of ice at about 0°C is 
c — 2.1 1 kJ/kg °C (Table A-3). The melting temperature and the heat of fusion of ice at 1 atm are 0°C and 333.7 kJ/kg. 


Analysis We take the ice and the water as our system, and disregard any heat 
transfer between the system and the surroundings. Then the energy balance for 
this process can be written as 


E in ~ E ou, 

\ J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

LSJ ~ J system 

s. J 

V 

Change in internal, kinetic, 
potential, etc. energies 


0 = AU 


0 - At/ lce 


A^ wa ter 


[mc(0° C - 7i ) solid + mh if +mc(T 2 -0°C) liquid ] ice +[mc(r 2 -7^)]^ =0 


Substituting, 



(80 kg) {(2. 1 1 kJ/kg-° C)[0 - (-5)]° C + 333 .7 kJ /kg + (4. 1 8 kJ /kg-° C )(T 2 - 0)° C} 

+(1 000 kg)(4. 1 8 kJ /kg-° C)(J 2 - 20)° C = 0 


It gives 

T 2 = 12.4°C 

which is the final equilibrium temperature in the tank. 
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4-114 A cylinder equipped with a set of stops for the piston is initially filled with saturated liquid -vapor mixture of water a 
specified pressure. Heat is transferred to the water until the volume increases by 20%. The initial and final temperature, the 
mass of the liquid when the piston starts moving, and the work done during the process are to be determined, and the process 
is to be shown on a P-v diagram. 

Assumptions The process is quasi-equilibrium. 

Analysis {a) Initially the system is a saturated mixture at 160 kPa pressure, and thus the initial temperature is 


P =T 


1 — J sat@l 60kPa 


o =113.3°C 


The total initial volume is 

C/j = nij Vj + m g v g =1x0.001054 + 2x1.0915 = 2.184 m 
Then the total and specific volumes at the final state are 
t/ 3 =1.2(/j =1.2x2. 184 = 2.62 1 m 3 


t/ 3 = 


V 2.621m 3 3 n 

= 0.8736m /kg 


_2 

m 


3 kg 


Thus, 


P 3 = 500 kPa 
i/ 3 = 0.8736 m 3 /kg 


7k = 675°C 


( b ) When the piston first starts moving, P 2 = 500 kPa and V 2 = l/j = 2.184 nf 
The specific volume at this state is 


t/ 2 = 


^ 2.184 m =07280m 3 /kg 


_2 

m 


3 kg 




• • 3 ••••• • • 

which is greater than = 0.3748 m /kg at 500 kPa. Thus no liquid is left in the cylinder when the piston starts moving. 


(c) No work is done during process 1-2 since C/j = V 2 . The pressure remains constant during process 2-3 and the work done 
during this process is 


W b =j' > PdV = P 2 (V 3 -(/>) = (500 kPa)(2.621-2.184)m : 


lkJ 


1 kPa • m 3 


= 218 kj 
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4-115 A cylinder is initially filled with saturated R-134a vapor at a specified pressure. The refrigerant is heated both 
electrically and by heat transfer at constant pressure for 6 min. The electric current is to be determined, and the process is to 
be shown on a T-v diagram. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are negligible. 2 The thermal 
energy stored in the cylinder itself and the wires is negligible. 3 The compression or expansion process is quasi-equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


E m ~ E out 


A E B 


system 


Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

Gin + Wean - W b out = A U (since Q = KE = PE = 0) 

Gin + We, in = mQl 2 ~ \) 

Gin + (V/A t) = m(h 2 - /Zj) 

since AU + W b = AH during a constant pressure quasi-equilibrium 
process. The properties of R- 134a are (Tables A-l 1 through A- 13) 


P x = 240 kPa 
sat. vapor 
P 2 = 240 kPa 
T x = 70°C 


h\ -^g@240kPa - 247.32 kJ/kg 
h 2 =314.53 kJ/kg 


We 



R-134a 
P= const. 


Substituting, 

300,000 VAs + (l 10 V)(/X6 x 60 s)= (l2 kgX314.53- 247.32)kJ/kgj 

7 = 12.8 A 
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4-116 Saturated water vapor contained in a spring-loaded piston-cylinder device is condensed until it is saturated liquid at a 
specified temperature. The heat transfer is to be determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


E 1 _ 17 A J 7 

^in ^out — ZAC/ system 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W b m - Q out = A U = m(u 2 - tfj) (since KE = PE = 0) 
Qout= W b,in -m(u 2 -u{) 

<7out = W b ,in -(«2 -«l) 

The properties at the initial and final states are (Table A-4), 

^1 = ^sat@20CPC = 1^55 kPa 

u \ ={/ g @ 2 oopc = 0-1272 nr /kg 
= m g @2oo>c = 2594.2 kJ/kg 



^2 _ ^sat@ 50 °c _ 12.35 kPa 
c^2 ={/ f@5(rc =0.001012 m 3 /kg 
u 2 = u / @5o°c = 209.33 kJ/kg 


Since this is a linear process, the work done is equal to the area under the process line 1-2: 


Pi 


Wfc.out = Area = ' 2 O2 - ) 


(1555 + l 2 -35> k Pa (a0Q1012 _ al272m 3 /kg) 


lkJ 


lkPam 3 


= -98.9 kJ/kg 


Thus, 

>% n =98.9 kJ/kg 

Substituting into energy balance equation gives 

q out = ™b,in - («2 - ) = 98.9 kJ/kg - (209.33 - 2594.2) kJ/kg = 2484kJ/kg 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



4-84 


4-117 The ideal gas in a piston-cylinder device is cooled at constant pressure. The gas constant and the molar mass of this 
gas are to be determined. 

Assumptions There is no friction between piston and cylinder. 

Properties The specific heat ratio is given to be 1.667 

Analysis Noting that the gas constant represents the boundary work for a unit 
mass and a unit temperature change, the gas constant is simply determined from 


Wu 


16.6 kJ 


R = 

mAT (0.8kg)(10°C) 
The molar mass of the gas is 


= 2.075kJ/kg.K 


R 

M = — 


8.314kJ/kmol.K 


R 2.075 kJ/kg.K 

The specific heats are determined as 

2.075 kJ/kg.K 


= 4.007kg/kmol 


R 


c .. = 


= 3.111 kJ/kg.°C 


c 


p 


k - 1 1.667-1 

= c„+R = 3.111 kJ/kg.K +2.075 kJ/kg.K = 5.1 86 kJ/kg.°C 
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4-118 A cylinder is initially filled with helium gas at a specified state. Helium is compressed polytropically to a specified 
temperature and pressure. The heat transfer during the process is to be determined. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The cylinder is stationary and thus the kinetic and 
potential energy changes are negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression 
or expansion process is quasi-equilibrium. 

Properties The gas constant of helium is R = 2.0769 kPa.mVkg.K (Table A-l). Also, c„= 3.1 156 kJ/kg.K (Table A-2). 
Analysis The mass of helium and the exponent n are determined to be 



Then the boundary work for this polytropic process can be determined from 
™ _ f 2 n„, mR{T 2 -T 0 


w bia =-\pd{/=- 


1 — n 


1 — n 


(0.03403 kg)(2.0769 kJ/kg • K)(563 - 283)K 
1-1.547 


= 36.19kJ 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. Taking the 
direction of heat transfer to be to the cylinder, the energy balance for this stationary closed system can be expressed as 


^in ^out 


'system 


Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

6in+Wb,in = A U = m(u 2 ~ M, ) 

Gin = m(u 2 - M| ) - VV, n 

= mc v (T 1 -T l )-W b _ in 


Substituting, 

Q m = (0.03403 kg)(3.1 156 kJ/kg K)(563 - 283)K - (36.19 kJ) = -6.51 kj 
The negative sign indicates that heat is lost from the system. 
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4-119 An insulated cylinder initially contains a saturated liquid-vapor mixture of water at a specified temperature. The entire 
vapor in the cylinder is to be condensed isothermally by adding ice inside the cylinder. The amount of ice that needs to be 
added is to be determined. 


Assumptions 1 Thermal properties of the ice are constant. 2 The cylinder is well-insulated and thus heat transfer is 
negligible. 3 There is no stirring by hand or a mechanical device (it will add energy). 

Properties The specific heat of ice at about 0°C is c = 2.11 kJ/kg- °C (Table A-3). The melting temperature and the heat of 
fusion of ice at 1 atm are given to be 0°C and 333.7 kJ/kg. 

Analysis We take the contents of the cylinder (ice and saturated water) as our system, which is a closed system. Noting that 
the temperature and thus the pressure remains constant during this phase change process and thus W b + AU = AH, the energy 
balance for this system can be written as 


^in -^out 

V 

Net en erg y trais fer 
by heat, work, and mass 


A F 

^^system 

y j 

V 

Changein internal, kinetic, 
potential, etc. energies 


W Wn = A U -» AH = 0 


A# ice + A// walcr = 0 

[mc(0 ° C - r, ) solid + mh if + mc(T 2 -0°C) liquid | ice +[m(h 2 


The properties of water at 120°C are (Table A-4) 

v f = 0.001060, = 0.89133 m 3 /kg 

hj =503.8 1, h fg = 2202. 1 kJ. kg 



water 



Then, 

= v f + x l v fg = 0.001060 + 0.2x (0.89133 -0.001060)= 0.17911 m 3 /kg 
h { =h f +* x h fg =503.8 1 + 0.2x2202. 1 = 944.24 kJ/kg 

/?2 —hf@ i2cpc = 503.81 kJ/kg 


m steam 


a 


0.01m 3 
0.17911 m 3 /kg 


0.05583 kg 


Noting that T j, ice = 0°C and T 2 = 120°C and substituting gives 

m [ 0 + 333.7 kJ/kg + (4.18 kJ/kg- °C)(120-0)°C] + (0.05583 kg)(503.81 
m = 0.0294 kg = 29.4 g ice 


944.24) kJ/kg = 0 
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4-120 Nitrogen gas is expanded in a polytropic process. The work done and the heat transfer are to be determined. 

Assumptions 1 Nitrogen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values 
of 126.2 K and 3.39 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific 

heats can be used. 


Properties The properties of nitrogen are R = 0.2968 kJ/kg-K and c v = 0.743 kJ/kg-K (Table A-2 a). 

Analysis We take nitrogen in the cylinder as the system. This is a 
closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 

77 77 a 77 

^in ^out — system 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Gin — W*,out = At/ =mc v (T 2 —T]) 


2 MPa ^ Q 
1200 K 


Using the boundary work relation for the poly tropic process of an ideal gas gives 


RP 


^b, out 


1 — n 


r /O 


\ p \ J 


(n— 1 )/ n 


-1 


(0.2968 kJ/kg -K)(1200K) 


1-1.25 


200 

2000 


A 0.25/1.25 


-1 


= 526kJ/kg 


The temperature at the final state is 


t 2 =t 1 


/ \ (n-iyn 

£2 

v^iy 


= (1200 K) 


200 kPa 
2000 kPa 


A 0.25/1.25 


= 757. IK 


Substituting into the energy balance equation, 

q in = w hout + (T 2 ~T { ) = 526 kJ/kg + (0.743 kJ/kg • K)(757. 1 - 1200)K = 1 97kJ/kg 
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4-121 The heating of a passive solar house at night is to be assisted by solar heated water. The length of time that the electric 
heating system would run that night with or without solar heating are to be determined. 

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the glass 
containers themselves is negligible relative to the energy stored in water. 3 The house is maintained at 22°C at all times. 


Properties The density and specific heat of water at room temperature are p = 1 kg/L and 


c = 4.18 kJ/kg°C (Table A-3). 


Analysis (a) The total mass of water is 

m w =/?(/ = ( 1 kg/L)(50 x 20 L) = 1000 kg 

Taking the contents of the house, including the water as our system, the 
energy balance relation can be written as 

^in — ^out — ^-^system 

' V ' r V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 

We,in - Q 0 ut = A U= (A t/) water + (A £/)* 

= (A t/) water = mc(T 2 -7|) water 


or. 


50,000 kJ/h 



W eM A t - a :ml = [rnc(T 2 - 7|)] water 


Substituting, 

(15 kJ/s)A t - (50,000 kJ/h)(10 h) = (1000 kg)(4.18 kJ/kg-°C)(22 - 80)°C 

It gives 

A t= 17,170 s = 4.77 h 

(b) If the house incorporated no solar heating, the energy balance relation above would simplify further to 

^e,in^ - Gout = 0 


Substituting, 

(15 kJ/s)A t - (50,000 kJ/h)(10 h) = 0 

It gives 

A^ = 33,333 s = 9.26 h 
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4-122 One ton of liquid water at 50°C is brought into a room. The final equilibrium temperature in the room is to be 
determined. 

Assumptions 1 The room is well insulated and well sealed. 2 The thermal properties of water and air are constant. 

Properties The gas constant of air is R = 0.287 kPa.m 7kg. K (Table A-l). The specific heat of water at room temperature is c 
= 4.18 kJ/kg-°C (Table A-3). 

Analysis The volume and the mass of the air in the room are 
{/= 4x5 x 6= 120 m 3 

137.9 kg 

Taking the contents of the room, including the water, as our system, the 
energy balance can be written as 

^in — -^out — ^-^fsystem 

v v J v V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

0 = At/=(AE/) water+ (A[/) air 


py 1 (95 kPa)(l20 m 3 ) 

RT X (o.2870 kPa • m 3 /kg • k)(288 K) 



or 

[™{T 2 -7i)l ater +W v {T 2 -7])L = 0 
Substituting, 

(1000 kg)(4. 18 kJ/kg • °C)(T f - 50)°C + (137.9 kg)(0.718 kJ/kg • °C)(T f - 15)°C = 0 

It gives 

T / = 49.2°C 

where T f - is the final equilibrium temperature in the room. 
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4-123 Water is boiled at sea level (1 atm pressure) in a coffee maker, and half of the water evaporates in 25 min. The power 
rating of the electric heating element and the time it takes to heat the cold water to the boiling temperature are to be 
determined. 


Assumptions 1 The electric power consumption by the heater is constant. 2 Heat losses from the coffee maker are 
negligible. 


Properties The enthalpy of vaporization of water at the saturation temperature 
of 100°C is /z fg = 2256.4 kJ/kg (Table A-4). At an average temperature of 
(100+18)/2 = 59°C, the specific heat of water is c = 4.18 kJ/kg. °C, and the 
density is about 1 kg/L (Table A-3). 

Analysis The density of water at room temperature is very nearly 1 kg/L, and 
thus the mass of 1 L water at 18°C is nearly 1 kg. Noting that the enthalpy of 
vaporization represents the amount of energy needed to vaporize a liquid at a 
specified temperature, the amount of electrical energy needed to vaporize 0.5 kg 
of water in 25 min is 


W e =W e At = mh fg -+W e 


mh fs 

At 


(0.5 kg)(2256.4 kJ/kg) _ Q ?52kW 
(25 x 60s) 




Therefore, the electric heater consumes (and transfers to water) 0.752 kW of electric power. 

Noting that the specific heat of water at the average temperature of (18+100)/2 = 59°C is c = 4.18 kJ/kg-°C, the 
time it takes for the entire water to be heated from 18°C to 100°C is determined to be 



= W e At = me AT — > At = 


me AT 



(1 kg)(4. 18 kJ/kg • °C)(100 -18)°C 
0.752kJ/s 


= 456 s = 7. 60 min 


Discussion We can also solve this problem using v f data (instead of density), and /i f data instead of specific heat. At 100°C, 
we have </ f = 0.001043 m 3 /kg and h f = 419.17 kJ/kg. At 18°C, we have h f = 75.54 kJ/kg (Table A-4). The two results will 
be practically the same. 
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4-124 A room is to be heated by 1 ton of hot water contained in a tank placed in the room. The minimum initial temperature 
of the water is to be determined if it to meet the heating requirements of this room for a 24-h period. 

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas with constant specific 
heats. 3 The energy stored in the container itself is negligible relative to the energy stored in water. 4 The room is 
maintained at 20°C at all times. 5 The hot water is to meet the heating requirements of this room for a 24-h period. 

Properties The specific heat of water at room temperature is c = 4.18 kJ/kg °C (Table A-3). 

Analysis Heat loss from the room during a 24-h period is 


Gloss = (6000 kJ/h)(24 h) = 144,000 kJ 


Taking the contents of the room, including the water, as our system, 
the energy balance can be written as 


^in ^out 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V, J 

V 

Changein internal, kinetic, 
potential, etc. energies 


-G out =At/ = (At/) water+ (At/) ai /° 


or 


-Gout = [mc(T 2 - 7,)] water 


6000 kJ/h 



Substituting, 


-144,000 kJ = (1000 kg)(4.18 kJ/kg °C)(20 - T x ) 

It gives 

T\ = 54.5°C 

where T \ is the temperature of the water when it is first brought into the room. 
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4-125 A sample of a food is burned in a bomb calorimeter, and the water temperature rises by 3.2°C when equilibrium is 
established. The energy content of the food is to be determined. 

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas with constant 
specific heats. 3 The energy stored in the reaction chamber is negligible relative to the energy stored in water. 4 The energy 
supplied by the mixer is negligible. 

Properties The specific heat of water at room temperature is c = 4.18 kJ/kg °C (Table A-3). The constant volume specific 
heat of air at room temperature is = 0.7 1 8 kJ/kg °C (Table A-2). 

Analysis The chemical energy released during the combustion of the sample is transferred to the water as heat. Therefore, 
disregarding the change in the sensible energy of the reaction chamber, the energy content of the food is simply the heat 
transferred to the water. Taking the water as our system, the energy balance can be written as 


-^in -^out 


A F 

'-^system 


-> £i„ = A u 


Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 


or 


I water 


Qin = ( AU Later = ~ T l )]. 

Substituting, 

Qin = (3 kg)(4.18 kJ/kg-°C)(3.2°C) = 40.13 kJ 
for a 2-g sample. Then the energy content of the food per unit mass is 


40.13 kJ 


2g 


1000 g 

lkg 


= 20,060 kj/kg 


Water 

Reaction 

chamber 

Food 
d 2> 

AT = 3.2°C 


To make a rough estimate of the error involved in neglecting the thermal energy stored in the reaction chamber, we treat the 
entire mass within the chamber as air and determine the change in sensible internal energy: 

(At/)cha,nber = \™ C M ~ A )] chamber = (0. 102 kg(o.718 kJ/kg-° c(3.2° c)= 0.23 kJ 

which is less than 1 % of the internal energy change of water. Therefore, it is reasonable to disregard the change in the 
sensible energy content of the reaction chamber in the analysis. 
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4-126 A man drinks one liter of cold water at 3°C in an effort to cool down. The drop in the average body temperature of the 
person under the influence of this cold water is to be determined. 

Assumptions 1 Thermal properties of the body and water are constant. 2 The effect of metabolic heat generation and the 
heat loss from the body during that time period are negligible. 

Properties The density of water is very nearly 1 kg/L, and the specific heat of water at room temperature is c = 4.18 
kJ/kg°C (Table A-3). The average specific heat of human body is given to be 3.6 kJ/kg.°C. 

Analysis. The mass of the water is 

m w =/?0/ = (l kg/LXl L) = 1 kg 

We take the man and the water as our system, and disregard any heat and mass transfer and chemical reactions. Of course 
these assumptions may be acceptable only for very short time periods, such as the time it takes to drink the water. Then the 
energy balance can be written as 

^in — ^out — ^^system 

V v ' , ' V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 — A U — Af/j3 OC jy + A£/ water 
or 

W r 2 - T 1 )Ldy + ME - ?i )U = 0 

Substituting (68 kg)(3.6 kJ/kg-° C ){T f - 39)°C + (1 kg)(4. 18 kJ/kg-° C)(T f - 3)°C = 0 

It gives 

7}=38.4°C 

Then 



AT=39 - 38.4 = 0.6°C 

Therefore, the average body temperature of this person should drop about half a degree Celsius. 
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4-127 An insulated rigid tank initially contains saturated liquid water and air. An electric resistor placed in the tank is turned 
on until the tank contains saturated water vapor. The volume of the tank, the final temperature, and the power rating of the 
resistor are to be determined. 

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions. 3 Energy added to the air is neglected. 

Properties The initial properties of steam are (Table A-4) 


T x = 200°C 

V] = 0 


t/j =0.001 157 m 3 /kg 
u x = 850.46 kJ/kg 


Analysis (a) We take the contents of the tank as the system. We neglect energy added to the air in our analysis based on the 
problem statement. This is a closed system since no mass enters or leaves. Noting that the volume of the system is constant 
and thus there is no boundary work, the energy balance for this stationary closed system can be expressed as 


E in ~ E out 


A E 


system 


Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

W e in = A U = m(u 2 ~U\) (since Q = KE = PE = 0) 
The initial water volume and the tank volume are 

V x =mv x =(1.4kg)(0.001157 m 3 /kg) = 0.001619 m 3 



Kank ~ 


0.001619 nr 
0.25 


= 0.006476 m 3 


( b ) Now, the final state can be fixed by calculating specific volume 


CA 0.006476 nr 


IA = 


= 0.004626 m 3 /kg 


m 


T 2 =371.3°C 

u 2 =2201.5 kJ/kg 


1.4 kg 

The final state properties are 

v 2 = 0.004626 m 3 /kg 

x 2 =1 

(c) Substituting, 

W ein = (1 .4 kg) (2201 .5 - 850.46)kJ/kg = 1 892 kJ 
Finally, the power rating of the resistor is 

1892 kJ 


W 


e,in 


= 1 .576 kW 


At 20x60 s 
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4-128 A 0.3-L glass of water at 20°C is to be cooled with ice to 5°C. The amount of ice or cold water that needs to be added 
to the water is to be determined. 


Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the glass is negligible. 3 There is no 
stirring by hand or a mechanical device (it will add energy). 

Properties The density of water is 1 kg/L, and the specific heat of water at room temperature is c = 4.18 kJ/kg °C (Table A- 
3). The specific heat of ice at about 0°C is c — 2.1 1 kJ/kg-°C (Table A-3). The melting temperature and the heat of fusion 
of ice at 1 atm are 0°C and 333.7 kJ/kg,. 


Analysis ( a ) The mass of the water is 

m w = pV = (1 kg/L)(0.3 L) = 0.3 kg 


We take the ice and the water as our system, and disregard any heat and mass 
transfer. This is a reasonable assumption since the time period of the process 
is very short. Then the energy balance can be written as 


^in ^out 

V 

Net en erg y trcns fer 
by heat, work, and mass 


A 


system 


Changein internal, kinetic, 
potential, etc. energies 


0 = A U 


0 = A U ice + A£/ water 



[mc'(0° C — T, ) soMd + mh if + mc(T 2 -0°C) liquid | ice +[mc(T 2 -7;)] water =0 

Noting that T\ j ce = 0°C and T 2 = 5°C and substituting gives 

m [ 0 + 333.7 kJ/kg + (4.18 kJ/kg- °C)(5-0)°C] + (0.3 kg)(4.18 kJ/kg •°C)(5-20)°C = 0 
m = 0.0546 kg = 54.6 g 

(. b ) When 73 ice = -20°C instead of 0°C, substituting gives 

m[(2.1 1 kJ/kg- °C)[0-(-20)]°C + 333.7 kJ/kg + (4.18 kJ/kg- °C)(5-0)°C] 

+ (0.3 kg)(4.18 kJ/kg- °C)(5-20)°C = 0 

m = 0.0487 kg = 48.7 g 

Cooling with cold water can be handled the same way. All we need to do is replace the terms for ice by a term for cold water 
at 0°C: 

(At/) 

co Id water + (A£/) water ^ 

[mc{T 2 -7] )] eoldwater + [mc(T 2 -T ] )] watcr = 0 


Substituting, 

[m co id water (4.18 kJ/kg-°C)(5 - 0)°C] + (0.3 kg)(4.18 kJ/kg - o C)(5-20)°C = 0 

It gives 

m = 0.9 kg = 900 g 

Discussion Note that this is about 16 times the amount of ice needed, and it explains why we use ice instead of water to cool 
drinks. Also, the temperature of ice does not seem to make a significant difference. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 




4-96 



4-129 Problem 4-128 is reconsidered. The effect of the initial temperature of the ice on the final mass of ice required 

as the ice temperature varies from -26°C to 0°C is to be investigated. The mass of ice is to be plotted against the initial 
temperature of ice. 

Analysis The problem is solved using EES, and the solution is given below. 


"Knowns" 

rho_water = 1 [kg/L] 

V = 0.3 [L] 

T_1_ice = 0 [C] 

T_1 = 20 [C] 

T_2 = 5 [C] 

CJce = 2.11 [kJ/kg-C] 

C_water = 4.18 [kJ/kg-C] 
hjf = 333.7 [kJ/kg] 

T_1_Cold Water = 0 [C] 

m_water = rho_water*V "[kg]" "The mass of the water" 

"The system is the water plus the ice. Assume a short time period and neglect 
any heat and mass transfer. The energy balance becomes:" 

EJn - E_out = DELTAE sys "[kJ]" 

EJn = 0 "[kJ]" 

E_out = 0"[kJ]" 

DELTAE_sys = DELTAU_water+DELTAU_ice"[kJ]" 

DELTAU_water = m_water*C_water*(T_2 - T_1)"[kJ]" 

DELTAUJce = DELTAU_solidJce+DELTAU_melted_ice"[kJ]" 

DELTAU_solid_ice =m_ice*C_ice*(0-T_1_ice) + m_ice*h_if"[kJ]" 
DELTAU_melted_ice=m_ice*C_water*(T_2 - 0)"[kJ]" 
m_ice_grams=m_ice*convert(kg,g)"[g]" 

"Cooling with Cold Water:" 

DELTAE_sys = DELTAU_water+DELTAU_ColdWater"[kJ]" 

DELTAU_water = m_water*C_water*(T_2_ColdWater - T_1)"[kJ]" 

DELTAU_ColdWater = m_ColdWater*C_water*(T_2_ColdWater - T_1_ColdWater)"[kJ]" 
m_ColdWater_grams=m_ColdWater*convert(kg,g)"[g]" 


Tljce 

[C] 

m ice, grams 

fal 

-26 

45.94 

-24 

46.42 

-22 

46.91 

-20 

47.4 

-18 

47.91 

-16 

48.43 

-14 

48.97 

-12 

49.51 

-10 

50.07 

-8 

50.64 

-6 

51.22 

-4 

51.81 

-2 

52.42 

0 

53.05 
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4-130 A well-insulated room is heated by a steam radiator, and the warm air is distributed by a fan. The average 
temperature in the room after 45 min is to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The kinetic and potential energy 
changes are negligible. 3 The air pressure in the room remains constant and thus the air expands as it is heated, and some 
warm air escapes. 

Properties The gas constant of air is R = 0.287 kPa.m/kg.K (Table A-l). Also, c p = 1.005 kJ/kg.K for air at room 
temperature (Table A-2). 

Analysis We first take the radiator as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this closed system can be expressed as 


-^in ^out 

s. J 

V 

Net energy transfer 
by heat, work, and mass 


A E, 


system 


Changein internal, kinetic, 
potential, etc. energies 


- <2 out = AU = m(u 2 - iiy) (since W = KE = PE = 0) 
Gout = m(u 1 - u 2 ) 

Using data from the steam tables (Tables A-4 through A-6), some 
properties are determined to be 

P x = 200 kPa 


T x = 200°C 


i/j = 1.08049 m-7kg 
u x = 2654.6 kJ/kg 

P 2 = 100kPal Vf =0.001043, v g = 1.6941 m 3 /kg 
(t/ 2 =i/,) J u f = 417.40, u fg =2088.2 kJ/kg 


= 


V 2~ V f 


V 


fg 


1.08049-0.001043 

1.6941-0.001043 


= 0.6376 


u 2 =u f + x 2 u f = 417.40 + 0.6376x 2088.2 = 1748.7 kJ/kg 


</ 


0.015 m 


m = 


= 0.01388kg 


10°C 

3 m x 4 m x 6 m 


-> s: 


1.08049 m /kg 

Substituting, 0 out = (0.01388 kg)( 2654.6 - 1748.7)kJ/kg = 12.58 kJ 
The volume and the mass of the air in the room are (/= 3 x4x6 = 72m and 

PM (l00kPa)(72m 3 


m air = 


i | v | i\ i a jy ^ 111 j 

RT X (o.2870 kPa • m 3 /kg • k)(280 K) 


= 89.60 kg 


\ 


■x 


Steam 

radiator 


The amount of fan work done in 45 min is 


Wfan,in = W fm ^At = (0. 120 kJ/s)(45 X 60 s) = 324 kJ 

We now take the air in the room as the system. The energy balance for this closed system is expressed as 


F - F = A F 

^in -^out ^-^system 


G m +Wfa„, I „-^ou, = A[/ 

Qm +^fan,in = AH = mC p( T 2 ~ T 0 


since the boundary work and A U combine into AH for a constant pressure expansion or compression process. It can also be 
expressed as 

(Qn +^fan,m) A? = ™C p, a vg( T 2 ~ T 0 


Substituting, (12.58 kJ) + (324 kJ) = (89.60 kg)( 1.005 kJ/kg°C)(r 2 - 7)°C 
which yields 

T 2 = 10.7°C 

Therefore, the air temperature in the room rises from 7°C to 10.7°C in 45 min. 
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4-131 Two rigid tanks that contain water at different states are connected by a valve. The valve is opened and the two tanks 
come to the same state at the temperature of the surroundings. The final pressure and the amount of heat transfer are to be 
determined. 


Assumptions 1 The tanks are stationary and thus the kinetic and potential energy changes are zero. 2 The tank is insulated 
and thus heat transfer is negligible. 3 There are no work interactions. 


Analysis We take the entire contents of the tank as the system. 
This is a closed system since no mass enters or leaves. Noting 
that the volume of the system is constant and thus there is no 
boundary work, the energy balance for this stationary closed 
system can be expressed as 

^in — ^out — ^^system 

V v ' . V V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Q 



-<2 out = AU = (A U) A + (A U) B (since W = KE = PE = 0) 
Gout “ 2, A+B ~ U l,A ~ U l,B ] 


= -K>,total M 2 -(miU^A — ( m | M , ) w ] 


The properties of water in each tank are (Tables A-4 through A-6) 
Tank A: 


P x = 400 kPa 1 v f = 0.001084, c/ ? = 0.46242 m 3 /kg 
x x =0.80 J u f =604.22, u fg = 1948.9 kJ/kg 

t/ 1A = i/f + x x v fg = 0.001084 + [0.8x (0.46242 -0.001084)] = 0.37015 m 3 /kg 
u XA = Uj +x x Uj- g = 604. 22 + (0. 8x1948. 9)= 2163. 3 kJ/kg 

Tank B: 


P x = 200 kPa 
T x = 250°C 


v X B = 1. 1989 m 3 /kg 
u XB =273 1.4 kJ/kg 

= 0.5403 kg 



_ v A 

0.2 m 3 

1 ,A 


0.37015 m 3 /kg 


_ Vb _ 

0.5 m 3 

IB 

V \ ,B 

1.1989 m 3 /kg 

t ~ 

m x A +m 

XB = 0.5403 + 0/ 


m 


l/o = 


V, 


= 0.4170 kg 


°' 7 m = 0.73117 m 3 /kg 


m t 0.9573 kg 


T 2 = 25°C 


u f = 0.001003, i/ ? = 43.340 m 3 /kg 
u f = 104.83, u fg = 2304.3 kJ/kg 


i/ 2 =0.731 17 m J /kg 

Thus at the final state the system will be a saturated liquid-vapor mixture since </ f < i/ 2 < t/„ . Then the final pressure must be 

Pi - Psat @ 25 °c = 3.17 kPa 

Also, 


*2 

u 2 


_ _ Q.731 17 -o.ool _ 0 01685 

v fg 43.340-0.001 

= u f +X 2 u fg =104.83 + (0.01685x2304.3) = 143.65 kJ/kg 


Substituting, g out = -[(0.9573)( 143.65) - (0.5403)(2163.3) - (0.4 1 70)(273 1 .4)] = 2170 kj 
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4-132 Problem 4-131 is reconsidered. The effect of the environment temperature on the final pressure and the heat 

transfer as the environment temperature varies from 0°C to 50°C is to be investigated. The final results are to be plotted 
against the environment temperature. 

Analysis The problem is solved using EES, and the solution is given below. 


"Knowns" 

Vol_A=0.2 [m A 3] 

P_A[1]=400 [kPa] 
x_A[l]=0.8 
T_B[1]=250 [C] 

P_B[1]=200 [kPa] 

Vol_B=0.5 [m A 3] 

T_final=25 [C] "T_final = T_surroundings. To do the parametric study 
or to solve the problem when Q_out = 0, place this statement in {}." 

{Q_out=0 [kJ]} "To determine the surroundings temperature that 
makes Q_out = 0, remove the {} and resolve the problem." 

"Solution" 

"Conservation of Energy for the combined tanks:" 

E_in-E_out=DELTAE 

E_in=0 

E_out=Q_out 

DELTAE=m_A*(u_A[2]-u_A[l])+m_B*(u_B[2]-u_B[l]) 

m_A= Vo l_A/ v_A[ 1 ] 

m_B=Vol_B/v_B[l] 

Fluid$='Steam_IAPWS' 

u_A[l]=INTENERGY(Fluid$,P=P_A[l], x=x_A[l]) 
v_A[l]=volume(Fluid$,P=P_A[l], x=x_A[l]) 

T_A[l]=temperature(Fluid$,P=P_A[l], x=x_A[l]) 

u_B[l]=INTENERGY(Fluid$,P=P_B[l],T=T_B[l]) 

v_B[l]=volume(Fluid$,P=P_B[l],T=T_B[l]) 

"At the final state the steam has uniform properties through out the entire system." 

u_B[2]=u_final 

u_A[2]=u_final 

m_f i na I = m_A+ m_B 

Vol_final=Vol_A+Vol_B 

v_final=Vol_final/m_final 

u_final=INTENERGY(Fluid$,T=T_final, v=v_final) 

P_final=pressure(Fluid$,T=T_final, v=v_final) 


P final fkPal 

Qout [kJ] 

T final [C] 

0.6112 

2300 

0 

0.9069 

2274 

5.556 

1.323 

2247 

11.11 

1.898 

2218 

16.67 

2.681 

2187 

22.22 

3.734 

2153 

27.78 

5.13 

2116 

33.33 

6.959 

2075 

38.89 

9.325 

2030 

44.44 

12.35 

1978 

50 
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4-133 An insulated cylinder is divided into two parts. One side of the cylinder contains N 2 gas and the other side contains He 
gas at different states. The final equilibrium temperature in the cylinder when thermal equilibrium is established is to be 
determined for the cases of the piston being fixed and moving freely. 

Assumptions 1 Both N 2 and He are ideal gases with constant specific heats. 2 The energy stored in the container itself is 
negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 

Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m Vkg.K is c v = 0.743 kJ/kg-°C for 
N 2 , and R = 2.0769 kPa.m 3 /kg.K is c„ = 3.1 156 kJ/kg°C for He (Tables A-l and A-2) 



Taking the entire contents of the cylinder as our system, the 1st law relation can be written as 


^in ^out ^-^system 

V V ' r V V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

0 = At/=(At/) N2+ (At/) He 
0 = [mc v {T 2 -7])]^ + [mcJT 2 -7])] He 

Substituting, 

(4.287 kgXo.743 kJ/kg • °C - 1 2()}c + (0.7691 kg)(3. 1156 kJ/kg • 0 Cp f -40fc = 0 

It gives 

7}=85.7°C 

where 7} is the final equilibrium temperature in the cylinder. 

The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 

Discussion Using the relation Pi/= NR U T , it can be shown that the total number of moles in the cylinder is 0.153 + 0.192 = 
0.345 kmol, and the final pressure is 515 kPa. 
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4-134 An insulated cylinder is divided into two parts. One side of the cylinder contains N 2 gas and the other side contains He 
gas at different states. The final equilibrium temperature in the cylinder when thermal equilibrium is established is to be 
determined for the cases of the piston being fixed and moving freely. 


Assumptions 1 Both N 2 and He are ideal gases with constant specific heats. 2 The energy stored in the container itself, 
except the piston, is negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 4 Initially, the piston is 
at the average temperature of the two gases. 

Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m Vkg.K is c w = 0.743 kJ/kg-°C for 
N 2 , and R = 2.0769 kPa.m 3 /kg.K is c„= 3.1 156 kJ/kg °C for He (Tables A-l and A-2). The specific heat of copper piston 
is c — 0.386 kJ/kg °C (Table A-3). 


Analysis The mass of each gas in the cylinder is 


m N, = 


m He = 


m 

y RT i v N . 




(500 kPa)(l m 


0.2968 kPa • m 3 /kg • Kj(393 K) 
(500 kPa)(l m 3 


RT X J He 12.0769 kPa-m 3 /kg K 13 13 K) 


4.287 kg 
0.7691kg 


Taking the entire contents of the cylinder as our system, the 1st law 
relation can be written as 



^in -^out ^^system 

V v ' r V V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 = A£/ = (Ar/) N2+ (A£/) He+ (Ai/) Cu 
0 = [mc v (T 2 -7])] N2 +[mc v (T 2 -?i)] He + [mc(T 2 -7i)] Cu 

where 

r 1 ,cu = (120+40)/2 = 80°C 

Substituting, 

(4.287 kg)(o.743 kJ/kg-° cfr f -\20fc + (0.7691 kg)(3. 1 1 56 kJ/kg-° - 4o)°C 

+ (8 kg)(o.386 kJ/kg-° cfr f -SO^C = 0 


It gives 

T f = 83.7°C 

where 7} is the final equilibrium temperature in the cylinder. 

The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 




4-103 



4-135 Problem 4-134 is reconsidered. The effect of the mass of the copper piston on the final equilibrium 

temperature as the mass of piston varies from 1 kg to 10 kg is to be investigated. The final temperature is to be plotted 
against the mass of piston. 

Analysis The problem is solved using EES, and the solution is given below. 


"Knowns:" 

R_u=8.314 [kJ/kmol-K] 

V N2[1 ]=1 [m A 3] 

Cv_N2=0.743 [kJ/kg-K] "From Table A-2(a) at 27C" 

R N2=0.2968 [kJ/kg-K] "From Table A-2(a)" 

T_N2[1]=120 [C] 

P_N2[1]=500 [kPa] 

V_He[1]=1 [m A 3] 

CvJHe=3.1156 [kJ/kg-K] From Table A-2(a) at 27C" 

T_He[1]=40 [C] 

P_He[1]=500 [kPa] 

RJHe=2.0769 [kJ/kg-K] "From Table A-2(a)" 
m_Pist=8 [kg] 

Cv_Pist=0.386 [kJ/kg-K] "Use Cp for Copper from Table A-3(b) at 27C" 

"Solution:" 

"mass calculations:" 

PJ\I2[1 ]*V_N2[1 ]=rrH\l2*R_N2*(T_N2[1 ]+273) 

P_He[1 ]*V_He[1 ]=m_He*RJHe*(T_He[1 ]+273) 

"The entire cylinder is considered to be a closed system, neglecting the piston." 

"Conservation of Energy for the closed system:" 

"EJn - E_out = DELTAEJnegPist, we neglect DELTA KE and DELTA PE for the cylinder." 

EJn - E_out = DELTAE_neglPist 
EJn =0 [kJ] 

E_out = 0 [kJ] 

"At the final equilibrium state, N2 and He will have a common temperature." 

DELTAE_neglPist= m J\l2*CvJ\l2*(T_2_neglPist-T_N2[1 ])+m_He*Cv_He*(T_2_neglPist-T_He[1 ]) 
"The entire cylinder is considered to be a closed system, including the piston." 

"Conservation of Energy for the closed system:" 

"EJn - E_out = DELTAE_withPist, we neglect DELTA KE and DELTA PE for the cylinder." 

EJn - E_out = DELTAE_withPist 

"At the final equilibrium state, N2 and He will have a common temperature." 

DELTAE_withPist= m_N2*Cv_N2*(T_2_withPist-T_N2[1])+m_He*Cv_He*(T_2_withPist- 
T_He[1 ])+m_Pist*Cv_Pist*(T_2_withPist-T_Pist[1 ]) 

T_Pist[1 ]=(T_N2[1 ]+T_He[1 ])/2 
"Total volume of gases:" 

V Jotal=V_N2[1 ]+V_He[1 ] 

"Final pressure at equilibrium:" 

"Neglecting effect of piston, P_2 is:" 

P_2_neglPist*VJotal=NJotal*R_u*(T_2_neglPist+273) 

"Including effect of piston, P_2 is:" 

NJotal=m_N2/molarmass(nitrogen)+m_He/molarmass(Helium) 

P_2_withPist*VJotal=NJotal*R_u*(T_2_withPist+273) 
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mpist 

[kg] 

T2,neglPist 

[Cl 

T2,withPist 

[Cl 

i 

85.65 

85.29 

2 

85.65 

84.96 

3 

85.65 

84.68 

4 

85.65 

84.43 

5 

85.65 

84.2 

6 

85.65 

83.99 

7 

85.65 

83.81 

8 

85.65 

83.64 

9 

85.65 

83.48 

10 

85.65 

83.34 



mpist [kg] 
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4-136 A piston-cylinder device initially contains saturated liquid water. An electric resistor placed in the tank is turned on 
until the tank contains saturated water vapor. The volume of the tank, the final temperature, and the power rating of the 
resistor are to be determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions. 


Properties The initial properties of steam are (Table A-4) 


T x = 120°C 
x x =0 


^ =0.001060 m 3 /kg 
>h x =503.81 kJ/kg 

> P x = 198.67 kPa 


Analysis {a) We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. 
Noting that the volume of the system is constant and thus there is no boundary work, the energy balance for this stationary 
closed system can be expressed as 

^in — ^out — ^•^'system 

v v 7 ' — ; — ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

W ein - W h out = A U = m(u 2 -U X ) (since Q = KE = PE = 0) 

We,,,, =W bfiat + AU=AH=m(h 2 -h l ) 

since 

W h out + A U = AH for a constant-pressure process. 



The initial and final volumes are 


(/j = (1.8 kg)(0.001060m 3 /kg) = 0.001909 m 3 

V 2 = 4(0.001909 m 3 )= 0.007634m 3 

(b) Now, the final state can be fixed by calculating specific volume 


^2 = 


V 2 0.007634 m 


m 


1.8kg 


= 0.004241m 3 /kg 


The final state is saturated mixture and both pressure and temperature remain constant during the process. Other properties 
are 


P 2 =P X = 198.67 kPa 

> 

i/ 2 = 0.004241 m 3 /kg 


T 2 =T x =120°C 
h 2 =511.68 kJ/kg 

x 2 =0.00357 


(Table A-4 or EES) 


(c) Substituting, 

W eM = (1.8 kg)(51 1 .68 - 503.8 l)kJ/kg = 14. 16 kJ 


Finally, the power rating of the resistor is 



W 

rr e,in 

At 


14. 16kJ 
10 x 60 s 


0.0236kW 
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4-137 A piston-cylinder device contains an ideal gas. An external shaft connected to the piston exerts a force. For an 
isothermal process of the ideal gas, the amount of heat transfer, the final pressure, and the distance that the piston is 
displaced are to be determined. 

Assumptions 1 The kinetic and potential energy changes are 
negligible, A ke = Ape = 0.2 The friction between the piston and the 

cylinder is negligible. 

Analysis ( a ) We take the ideal gas in the cylinder to be the system. 

This is a closed system since no mass crosses the system boundary. 

The energy balance for this stationary closed system can be expressed 
as 

^in — ^out — ^^system 

V v ' „ V v ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W bjn ~ Gout = A ^idealgas = ~ )idealgas) = 0 ( sinCe T 2 = T \ KE = PE = 0) 

^b,in “ Gout 

Thus, the amount of heat transfer is equal to the boundary work input 

e 0 u,=w b4n = o.i kj 

(b) The relation for the isothermal work of an ideal gas may be used to determine the final volume in the cylinder. But we 
first calculate initial volume 




(0.2 m) = 0.002262 m 3 


Then, 


(vA 

W bjn = -PM In — 
ri; 

f u \ 

O.lkJ = —(100 kPa)(0. 002262 m 3 )ln ^ =0.001454 m 3 

v 0.002262 m 3 y 


The final pressure can be determined from ideal gas relation applied for an isothermal process 

PM =p 2 v 2 X 1 00 kPa)(T). 002262 m 3 ) = P 2 (().()() 1 454 m 3 ) >P 2 =155.6kPa 

(c) The final position of the piston and the distance that the piston is displaced are 



0.001454 m 3 



= 0.1285 m 


A L = L l -L 2 =0.20-0.1285= 0.07146m = 7.1 cm 
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4-138 A piston-cylinder device contains an ideal gas. An external shaft connected to the piston exerts a force. For an 
isothermal process of the ideal gas, the amount of heat transfer, the final pressure, and the distance that the piston is 
displaced are to be determined. 

Assumptions 1 The kinetic and potential energy changes are 
negligible, Ake = Ape = 0.2 The friction between the piston and the 

cylinder is negligible. 


Analysis ( a ) We take the ideal gas in the cylinder to be the system. This 
is a closed system since no mass crosses the system boundary. The 
energy balance for this stationary closed system can be expressed as 


-^in -^out 


A E 


system 


Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 



^b4n-2out =Af/ ideaigas=^</( r 2- r i)ideaigas) = 0 (since T 2 = T { and KE = PE = 0) 

Wb,in = Gout 

Thus, the amount of heat transfer is equal to the boundary work input 

e o u,=Wb,n=0.1kJ 

( b ) The relation for the isothermal work of an ideal gas may be used to determine the final volume in the cylinder. But we 
first calculate initial volume 


^ = 


7lD 


L\ = 


;r(0.12m) 3 

(0.2 m) = 0.002262 m 


Then, 


W bjn = -m In 






V'ly 


0.1 kJ = -(100 kPa)(0. 002262 m 3 )ln 




= 0.001454 nr 


0.002262 m\ 

The final pressure can be determined from ideal gas relation applied for an isothermal process 

Py t = P 2 V 2 >(100 kPa)(0.002262 m i ) = P 2 (0.001454 m 3 ) >P 2 =155.6kPa 

(c) The final position of the piston and the distance that the piston is displaced are 


^2 = ——L 


2 


0.001454 m 3 = 7r(0A2m) L , 


4 4 

AL= L, - L 2 =0.20 -0.1285= 0.07146 m = 7. 1cm 


-> L 2 = 0.1285 m 
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4-139 A piston-cylinder device with a set of stops contains superheated steam. Heat is lost from the steam. The pressure and 
quality (if mixture), the boundary work, and the heat transfer until the piston first hits the stops and the total heat transfer are 
to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible, Ake = Ape = 0.2 The friction between the piston 
and the cylinder is negligible. 

Analysis (a) We take the steam in the cylinder to be the system. This is a closed system 
since no mass crosses the system boundary. The energy balance for this stationary 
closed system can be expressed as 

77 77 a 77 

^in ^out — z - VC/ system 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

W bM - Q out = A U (since KE = PE = 0) 

Denoting when piston first hits the stops as state (2) and the final state as (3), the 
energy balance relations may be written as 

Whin “Qout, 1-2 =m(u 2 -U i) 

Whin - Qout, 1-3 =m(u 3 -Uj) 

The properties of steam at various states are (Tables A-4 through A-6) 

^sat@3.5MPa = 242.56°C 
T x = T X + A T sat = 242.56 + 7.4 = 250°C 

Pi =3.5 MPaji/j =0.05875 m 3 /kg 
T x = 250°C J «j = 2623.9 kJ/kg 

p 2 =Pj = 3.5 MPal </ 2 =0.001235 m 3 /kg 
x 2 =0 \u 2 =1045.4 kJ/kg 

3 iio =0.00062 

(/ 3 =i/ 2 =0.001235 m /kgL; =i555kPa 
r 3 = 200°C J w 3 = 85 1 .55 kJ/kg 

( b ) Noting that the pressure is constant until the piston hits the stops during which the boundary work is done, it can be 
determined from its definition as 

w b4n =mP 1 ( I/, - u 2 ) = (0.35 kg)(3500 kPa)(0. 05875- 0.001 235 )m 3 =70.45kJ 

(c) Substituting into energy balance relations. 

Gout, 1-2 = 70 - 45 kJ - (°- 35 kg)(l 045.4 - 2623.9)kJ/kg = 622.9kJ 

(d) Gout. i-3 = 70.45 kJ- (0.35 kg)(851. 55 -2623.9)kJ/kg = 690.8kJ 
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4-140 An insulated rigid tank is divided into two compartments, each compartment containing the same ideal gas at different 
states. The two gases are allowed to mix. The simplest expression for the mixture temperature in a specified format is to be 
obtained. 


Analysis We take the both compartments together as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 



v 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V J 

V 

Changein internal, kinetic, 
potential, etc. energies 


0 = A U (since Q = W = KE = PE = 0) 

0 = m x c v (T 3 -T x ) + m 2 c v (T 3 -T 2 ) 


(nt\ + m 2 )r 3 = m \T\ + m 2^2 


and ra 3 = m x + m 2 


ni\ 


m 2 

Ti 


t 2 


Solving for final temperature, we find 


T 3 = 


m, 


r, 


m 



m 3 


4-141 Carbon dioxide contained in a spring-loaded piston-cylinder device is compressed in a polytropic process. The final 
temperature is to be determined using the compressibility factor. 


Properties The gas constant, the critical pressure, and the critical temperature of C0 2 are, from Table A-l, 


= 0.1889 kPa m 3 /kg-K, 


T cr = 304.2 K, 


P (r = 7.39 MPa 


Analysis From the compressibility chart at the initial state (Fig. A- 15 or EES, we used EES), 


Tr 1 = 


p r\ ~ 


P 473 K 


Tcr 

p \ 


304.2 K 
0.5 MPa 


P 7.39 MPa 


= 1.55 
= 0.0677 


cr 


Zj = 0.9953 


The specific volume at the initial state is 



(/i=i / 2 = 


Z\RT X (0.9953X0. 1889 kPa ■ m 3 /k g ■ K)(473 K) = Q 1779m 3 /kg 


P 


500 kPa 


The specific volume at the final state can be determined from the polytropic process to be 

P x v" =py 2 » (500 kPa)(0.1779m 3 /kg) 13 =(3000 kPa)i/ 2 3 > v 2 =0.04483 m 3 /kg 

At the final state, 



V R2 


A 

^cr 


3 MPa 
7.39MPa 


0.406 


^2, actual 0.04483 m 3 /kg 

RT cr /P cr (0. 1889 kPa • m 3 /kg • K)(304.2 K)/(7390 kPa) 


5.76 



1.0 


Thus, 


P 2^2 

z 2 r 


(3000 kPa)(0.04483 m 3 /kg) 
(1.0)(0. 1889 kPa-m 3 /kg-K) 


= 712K = 439°C 
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4-142 Solar energy is to be stored as sensible heat using phase-change materials, granite rocks, and water. The amount of 
heat that can be stored in a 5-m = 5000 L space using these materials as the storage medium is to be determined. 

Assumptions 1 The materials have constant properties at the specified values. 2 No allowance is made for voids, and thus 
the values calculated are the upper limits. 

Analysis The amount of energy stored in a medium is simply equal to the increase in its internal energy, which, for 
incompressible substances, can be determined from A U = mc(T 2 — T x ). 

(i a ) The latent heat of glaubers salts is given to be 329 kJ/L. Disregarding the sensible heat storage in this case, the amount 
of energy stored is becomes 

A t/ salt = mhif = (5000 L)(329 kJ/L) = 1,645,000 kj 

This value would be even larger if the sensible heat storage due to temperature rise is considered. 

( b ) The density of granite is 2700 kg/nr (Table A-3), and its specific heat is given to be c = 2.32 kJ/kg.°C. Then the amount 
of energy that can be stored in the rocks when the temperature rises by 20°C becomes 

A f/ rock = pWcAT = (2700 kg/m 3 )(5 m 3 )(2.32 kJ/kg.°C)(20°C) = 626,400 kj 

(c) The density of water is about 1000 kg/m (Table A-3), and its specific heat is given to be c = 4.0 kJ/kg.°C. Then the 
amount of energy that can be stored in the water when the temperature rises by 20 °C becomes 

A U mck = pWcAT = (1000 kg/m 3 )(5 m 3 )(4.0 kJ/kg.°C)(20°C) = 400,00 kj 

Discussion Note that the greatest amount of heat can be stored in phase-change materials essentially at constant temperature. 
Such materials are not without problems, however, and thus they are not widely used. 
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4-143 The cylinder of a steam engine initially contains saturated vapor of water at 100 kPa. The cylinder is cooled by 
pouring cold water outside of it, and some of the steam inside condenses. If the piston is stuck at its initial position, the 
friction force acting on the piston and the amount of heat transfer are to be determined. 

Assumptions The device is air-tight so that no air leaks into the cylinder as the pressure drops. 

Analysis We take the contents of the cylinder (the saturated liquid- vapor mixture) as the system, which is a closed system. 
Noting that the volume remains constant during this phase change process, the energy balance for this system can be 
expressed as 

r r _ a T7 

^in ^out — ZAiZ/ system 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

-Qout = AU =m(u 2 -u l ) 


The saturation properties of water at 100 kPa and at 30°C are (Tables A-4 and A-5) 

P\ = 1 00 kPa » Vj = 0.001043 m 3 /kg, v g = 1.6941 m 3 /kg 

u f = 417.40 kJ/kg, u g = 2505.6 kJ/kg 


T 2 = 30°C 


v f = 0.001004 m 3 /kg, (/ ? = 32.879 m 3 /kg 
u f = 125.73 kJ/kg, u fg = 2290.2 kJ/kg 
P sat =4.2469 kPa 


Then, 


Cold water 


P — p 

2 sat@ 30°C 


= 4.2469 kPa 


and 



u 2 = Uf +x 2 Uf g = 125.73 + 0.05 150x 2290.2= 243.67 kJ/kg 
The friction force that develops at the piston-cylinder interface balances the force acting on the piston, and is equal to 


F = A(P x -P 2 ) = (0. 1 m 2 )(100 - 4. 2469) kP a 


^lOOON/m 2 ^ 
1 kPa 


= 9575 N 


The heat transfer is determined from the energy balance to be 

QoM = m{u\ ~u 2 ) 

= (0.02951 kg)(2505.6- 243.67)kJ/kg 

= 66.8 kj 
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4-144 The specific heat of a material is given in a strange unit to be C = 3.60 kJ/kg.°F. The specific heat of this material in 
the SI units of kJ/kg.°C is 

(a) 2.00 kJ/kg.°C (b) 3.20 kJ/kg.°C (c) 3.60 kJ/kg.°C (d) 4.80 kJ/kg.°C (e) 6.48 kJ/kg.°C 


Answer (e) 6.48 kJ/kg.°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

C=3.60 "kJ/kg.F" 

C_SI=C*1 .8 "kJ/kg.C" 

"Some Wrong Solutions with Common Mistakes:" 

W1_C=C "Assuming they are the same" 

W2_C=C/1 .8 "Dividing by 1 .8 instead of multiplying" 


4-145 A 3-m 3 rigid tank contains nitrogen gas at 500 kPa and 300 K. Now heat is transferred to the nitrogen in the tank and 
the pressure of nitrogen rises to 800 kPa. The work done during this process is 

(a) 500 kJ (b) 1500 kJ (c)0kJ (d) 900kJ (e)2400kJ 


Answer (b) 0 kJ 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

V=3 "m A 3" 

PI =500 "kPa" 

T1=300 "K" 

P2=800 "kPa" 

W =0 "since constant volume" 

"Some Wrong Solutions with Common Mistakes:" 

R=0.297 

W1_W=V*(P2-P1) "Using W=V*DELTAP" 

W2_W=V*P1 
W3_W=V*P2 
W4_W=R*T 1 *ln(P1/P2) 
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3 • • • • • 

4-146 A 0.5-nr cylinder contains nitrogen gas at 600 kPa and 300 K. Now the gas is compressed isothermally to a volume 
of 0. 1 m . The work done on the gas during this compression process is 

(a) 720 kJ (b) 483 kJ (c) 240 kJ (d) 175 kJ (e) 143 kJ 


Answer (b) 483 kJ 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

R=8.314/28 
VI =0.5 "m A 3" 

V2=0.1 "m A 3" 

PI =600 "kPa" 

T 1 =300 "K" 

P1*V1=m*R*T1 

W=m*R*T1* ln(V2/V1) "constant temperature" 

"Some Wrong Solutions with Common Mistakes:" 

W1_W=R*T1 * ln(V2/V1 ) "Forgetting m" 

W2_W=P1*(V1-V2) "Using V*DeltaP" 

PI *V1 /T 1 =P2*V2/T 1 

W3_W=(V1 -V2)*(P1 +P2)/2 "Using P_ave*Delta V" 

W4_W=P1 *V1 -P2*V2 "Using W=P1V1-P2V2" 


4-147 A well-sealed room contains 60 kg of air at 200 kPa and 25 °C. Now solar energy enters the room at an average rate of 
0.8 kJ/s while a 120-W fan is turned on to circulate the air in the room. If heat transfer through the walls is negligible, the air 
temperature in the room in 30 min will be 

(a) 25.6°C (b) 49.8°C (c) 53.4°C (d) 52.5°C (e) 63.4°C 


Answer (e) 63.4°C 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

R=0.287 "kJ/kg.K" 

Cv=0.718 "kJ/kg.K" 
m=60 "kg" 

PI =200 "kPa" 

T1=25 "C" 

Qsol=0.8 "kJ/s" 
time=30*60 "s" 

Wfan=0.12 "kJ/s" 

"Applying energy balance E_in-E_out=dE_system gives" 
time*(Wfan+Qsol)=m*Cv*(T2-T 1 ) 

"Some Wrong Solutions with Common Mistakes:" 

Cp=1 .005 "kJ/kg.K" 

time*(Wfan+Qsol)=m*Cp*(W1_T2-T 1 ) "Using Cp instead of Cv " 
time*(-Wfan+Qsol)=m*Cv*(W2_T2-T1) "Subtracting Wfan instead of adding" 
time*Qsol=m*Cv*(W3_T2-T1) "Ignoring Wfan" 

time*(Wfan+Qsol)/60=m*Cv*(W4_T2-T1) "Using min for time instead of s" 
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4-148 A 2-kW baseboard electric resistance heater in a vacant room is turned on and kept on for 15 min. The mass of the air 
in the room is 75 kg, and the room is tightly sealed so that no air can leak in or out. The temperature rise of air at the end of 
15 min is 

(a) 8.5°C (b) 12.4°C (c) 24.0°C (d) 33.4°C (e) 54.8°C 


Answer (d) 33.4°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

R=0.287 "kJ/kg.K" 

Cv=0.718 "kJ/kg.K" 
m=75 "kg" 
time=15*60 "s" 

W_e=2 "kJ/s" 

"Applying energy balance E_in-E_out=dE_system gives" 
time*W_e=m*Cv*DELTAT "kJ" 

"Some Wrong Solutions with Common Mistakes:" 

Cp=1 .005 "kJ/kg.K" 

time*W_e=m*Cp*W1_DELTAT "Using Cp instead of Cv" 
time*W_e/60=m*Cv*W2_DELTAT "Using min for time instead of s" 


4-149 A room contains 75 kg of air at 100 kPa and 15°C. The room has a 250-W refrigerator (the refrigerator consumes 250 
W of elecUicity when running), a 120-W TV, a 1.8-kW electric resistance heater, and a 50-W fan. During a cold winter day, 
it is observed that the refrigerator, the TV, the fan, and the elecUic resistance heater are running continuously but the air 
temperature in the room remains constant. The rate of heat loss from the room that day is 

(a) 5832 kJ/h (b)6192kJ/h (c)7560kJ/h (d) 7632 kJ/h (e) 7992 kJ/h 


Answer (e) 7992 kJ/h 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

R=0.287 "kJ/kg.K" 

Cv=0.718 "kJ/kg.K" 
m=75 "kg" 

P_1=100 "kPa" 

T 1 =15 "C" 

time=30*60 "s" 

W_ref=0.250 "kJ/s" 

W_TV=0.1 20 "kJ/s" 

W_heater=1 .8 "kJ/s" 

W_fan=0.05 "kJ/s" 

"Applying energy balance E_in-E_out=dE_system gives E_out=E_in since T=constant and dE=0" 

E_gain=W_ref+W_TV+W_heater+W_fan 

Q_loss=E_gain*3600 "kJ/h" 

"Some Wrong Solutions with Common Mistakes:" 

E_gain1=-W_ref+W_TV+W_heater+W_fan "Subtracting Wrefrig instead of adding" 
W1_Qloss=E_gain1*3600 "kJ/h" 

E_gain2=W_ref+W_TV+W_heater-W_fan "Subtracting Wfan instead of adding" 

W2_Qloss=E_gain2*3600 "kJ/h" 

E_gain3=-W_ref+W_TV+W_heater-W_fan "Subtracting Wrefrig and Wfan instead of adding" 
W3_Qloss=E_gain3*3600 "kJ/h" 

E_gain4=W_ref+W_heater+W_fan "Ignoring the TV" 

W4_Qloss=E_gain4*3600 "kJ/h" 
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4-150 A piston-cylinder device contains 5 kg of air at 400 kPa and 30°C. During a quasi-equilibrium isothermal expansion 
process, 15 kJ of boundary work is done by the system, and 3 kJ of paddle-wheel work is done on the system. The heat 
transfer during this process is 

(a) 12 kJ (b) 18 kJ (c) 2.4 kJ (d) 3.5 kJ (e)60kJ 


Answer (a) 12 kJ 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

R=0.287 "kJ/kg.K" 

Cv=0.718 "kJ/kg.K" 
m=5 "kg" 

P_1 =400 "kPa" 

T=30 "C" 

Wout_b=15 "kJ" 

Win_pw=3 "kJ" 

"Noting that T=constant and thus dE_system=0, applying energy balance E_in-E_out=dE_system gives" 

Q _i n + W i n_pw- W o ut_b=0 

"Some Wrong Solutions with Common Mistakes:" 

W1_Qin=Q_in/Cv "Dividing by Cv" 

W2_Qin=Win_pw+Wout_b "Adding both quantities" 

W3_Qin=Win_pw "Setting it equal to paddle-wheel work" 

W4_Qin=Wout_b "Setting it equal to boundaru work" 


4-151 A 6-pack canned drink is to be cooled from 18°C to 3°C. The mass of each canned drink is 0.355 kg. The drinks can 
be treated as water, and the energy stored in the aluminum can itself is negligible. The amount of heat transfer from the 6 
canned drinks is 

(a) 22 kJ (b) 32 kJ (c) 1 34 kJ (d) 1 87 kJ (e) 223 kJ 


Answer (c) 134 kJ 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

c=4. 18 "kJ/kg.K" 
m=6*0.355 "kg" 

T1 =1 8 "C" 

T2=3 "C" 

DELTAT=T2-T1 "C" 

"Applying energy balance E_in-E_out=dE_system and noting that dU_system=m*C*DELTAT gives" 
-Q_out=m*C*DELTAT "kJ" 

"Some Wrong Solutions with Common Mistakes:" 

-W1_Qout=m*C*DELTAT/6 "Using one can only" 

-W2_Qout=m*C*(T1+T2) "Adding temperatures instead of subtracting" 

-W3_Qout=m*1 .0*DELTAT "Using specific heat of air or forgetting specific heat" 
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4-152 A glass of water with a mass of 0.45 kg at 20°C is to be cooled to 0°C by dropping ice cubes at 0°C into it. The latent 
heat of fusion of ice is 334 kJ/kg, and the specific heat of water is 4. 18 kJ/kg.°C. The amount of ice that needs to be added is 

(a) 56 g (b) 113 g (c) 124 g (d) 224 g (e) 450 g 


Answer (b) 1 13 g 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

C=4. 18 "kJ/kg. K" 
h_melting=334 "kJ/kg. K" 
m_w=0.45 "kg" 

T1=20 "C" 

T2=0 "C" 

DELTAT=T2-T1 "C" 

"Noting that there is no energy transfer with the surroundings and the latent heat of melting of ice is 

transferred form the water, and applying energy balance E_in-E_out=dE_system to ice+water gives" 

dE_ice+dE_w=0 

dE_ice=m_ice*h_melting 

dE_w=m_w*C*DELTAT "kJ" 

"Some Wrong Solutions with Common Mistakes:" 

W1_mice*h_melting*(T1-T2)+m_w*C*DELTAT=0 "Multiplying hjatent by temperature difference" 
W2_mice=m_w "taking mass of water to be equal to the mass of ice" 


4-153 A 2-kW electric resistance heater submerged in 5-kg water is turned on and kept on for 10 min. During the process, 
300 kJ of heat is lost from the water. The temperature rise of water is 

(a) 0.4°C (b)43.1°C (c) 57.4°C (d)71.8°C (e) 180.0°C 


Answer (b)43.1°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

C=4.1 8 "kJ/kg. K" 
m=5 "kg" 

Q_loss=300 "kJ" 
time=10*60 "s" 

W_e=2 "kJ/s" 

"Applying energy balance E_in-E_out=dE_system gives" 
time*W_e-Q_loss = dU_system 
dU_system=m*C*DELTAT "kJ" 

"Some Wrong Solutions with Common Mistakes:" 
time*W_e = m*C*W1_T "Ignoring heat loss" 

time*W_e+Q_loss = m*C*W2_T "Adding heat loss instead of subtracting" 
time*W_e-Q_loss = m*1 ,0*W3_T 'Using specific heat of air or not using specific heat" 
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4-154 1.5 kg of liquid water initially at 12°C is to be heated to 95°C in a teapot equipped with a 800 W electric heating 
element inside. The specific heat of water can be taken to be 4.18 kJ/kg.°C, and the heat loss from the water during 
heating can be neglected. The time it takes to heat the water to the desired temperature is 

(a) 5.9 min (b) 7.3 min (c) 10.8 min (d) 14.0 min (e) 17.0 min 


Answer (c) 10.8 min 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

C=4.18 "kJ/kg.K" 
m=1 .5 "kg" 

T1=12 "C" 

T2=95 "C" 

Q_loss=0 "kJ" 

W_e=0.8 "kJ/s" 

"Applying energy balance E_in-E_out=dE_system gives" 

(time*60)*W_e-Q_loss = dU_system "time in minutes" 
dU_system=m*C*(T2-T 1 ) "kJ" 

"Some Wrong Solutions with Common Mistakes:" 

W1_time*60*W_e-Q_loss = m*C*(T2+T1) "Adding temperatures instead of subtracting" 
W2_time*60*W_e-Q_loss = C*(T2-T1) "Not using mass" 


4-155 An ordinary egg with a mass of 0.1 kg and a specific heat of 3.32 kJ/kg.°C is dropped into boiling water at 95°C. If 
the initial temperature of the egg is 5°C, the maximum amount of heat transfer to the egg is 

(a) 12 kJ (b) 30 kJ (c) 24 kJ (d) 18 kJ (e) infinity 


Answer (b) 30 kJ 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

C=3.32 "kJ/kg.K" 
m=0.1 "kg" 

T1=5 "C" 

T2=95 "C" 

"Applying energy balance E_in-E_out=dE_system gives" 

EJn = dU_system 
dU_system=m*C*(T2-T 1 ) "kJ" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Ein = m*C*T2 "Using T2 only" 

W2_Ein=m*(ENTHALPY(Steam_IAPWS,T=T2,x=1 )-ENTHALPY(Steam_IAPWS,T=T2,x=0)) "Using h Jg" 
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4-156 An apple with an average mass of 0.18 kg and average specific heat of 3.65 kJ/kg.°C is cooled from 22°C to 5°C. The 
amount of heat transferred from the apple is 

(a) 0.85 kJ (b) 62. 1 kJ (c) 17.7 kJ (d) 1 1.2 kJ (e)7.1kJ 


Answer (d) 1 1.2 kJ 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

C=3.65 M kJ/kg.K" 
m=0.18 "kg" 

T 1 =22 "C" 

T2=5 M C M 

"Applying energy balance E_in-E_out=dE_system gives" 

-Q_out = dU_system 
dU_system=m*C*(T2-T 1 ) "kJ" 

"Some Wrong Solutions with Common Mistakes:" 

-W1_Qout =C*(T2-T1) "Not using mass" 

-W2_Qout =m*C*(T2+T1) "adding temperatures" 


4-157 The specific heat at constant volume for an ideal gas is given by c v = 0.7+(2.7x 10’ 4 )7 (kJ/kg • K) where T is in 
kelvin. The change in the enthalpy for this ideal gas undergoing a process in which the temperature changes from 27 to 
127°C is most nearly 

(a) 70 kJ/kg (b) 72. 1 kJ/kg (c) 79.5 kJ/kg (d ) 82. 1 kJ/kg (e) 84.0 kJ/kg 

Answer (c) 79.5 kJ/kg 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1 =(27+273) [K] 

T2=(1 27+273) [K] 

"Performing the necessary integration, we obtain" 

DELTAh=0.7*(T2-T 1 )+2.7E-4/2*(T2 A 2-T1 A 2) 
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4-158 An ideal gas has a gas constant R = 0.3 kJ/kg-K and a constant- volume specific heat c v = 0.7 kJ/kg-K. If the gas has a 
temperature change of 100°C, choose the correct answer for each of the following: 

1. The change in enthalpy is, in kJ/kg 

(a) 30 (Z?) 70 (c) 100 ( d ) insufficient information to determine 

Answer (c) 100 

2. The change in 

(a) 30 
Answer (b) 70 

3. The work done is, in kJ/kg 

(a) 30 (Z?) 70 (c) 100 ( d ) insufficient information to determine 

Answer (d) insufficient information to determine 

4. The heat transfer is, in kJ/kg 

(a) 30 (Z?) 70 (c) 100 ( d ) insufficient information to determine 

Answer (d) insufficient information to determine 


internal energy is, in kJ/kg 

( b ) 70 (c) 100 ( d ) insufficient information to determine 


5. The change in the pressure- volume product is, in kJ/kg 

(a) 30 (Z?) 70 (c) 100 ( d ) insufficient information to determine 

Answer (a) 30 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

R=0.3 [kJ/kg-K] 
c_v=0.7 [kJ/kg-K] 

DELTAT=100 [K] 

"(i)" 

c_p=R+c_v 

DELTAh=c_p*DELTAT 

"(2)" 

DELTAu=c_v*DELTAT 

"( 5 )" 

PV=R*DELTAT 
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4-159 An ideal gas undergoes a constant temperature (isothermal) process in a closed system. The heat transfer and work 
are, respectively 

(a) 0, -cjSJ (b) c^T, 0 (c) c p AT, RAT (d) R In (T 2 /T{), R In {T 2 !T X ) 


Answer (d) R In {T 2 IT X \ R In (T 2 /T { ) 


4-160 An ideal gas under goes a constant volume (isochoric) process in a closed system. The heat transfer and work are, 
respectively 

(a) 0, -cAT (b) cAT , 0 (c) c p AT, RAT (d) R In (TJTi), R In (T 2 /T{) 


Answer ( b ) cAT, 0 


4-161 An ideal gas under goes a constant pressure (isobaric) process in a closed system. The heat transfer and work are, 
respectively 

(a) 0, -cAT (b) cAT , 0 (c) c p AT, RAT (d) R In (T 2 /T { \ R \n(T 2 /T { ) 


Answer (c) c p AT, RAT 


4-162 ... 4-167 Design and Essay Problems 


4-165 A claim that fruits and vegetables are cooled by 6°C for each percentage point of weight loss as moisture during 
vacuum cooling is to be evaluated. 

Analysis Assuming the fruits and vegetables are cooled from 30°C and 0°C, the average heat of vaporization can be taken to 
be 2466 kJ/kg, which is the value at 15°C, and the specific heat of products can be taken to be 4 kJ/kg.°C. Then the 
vaporization of 0.01 kg water will lower the temperature of 1 kg of produce by 24.66/4 = 6°C. Therefore, the vacuum 
cooled products will lose 1 percent moisture for each 6°C drop in temperature. Thus the claim is reasonable. 
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Conservation of Mass 


5- 1C Flow through a control volume is steady when it involves no changes with time at any specified position. 


5-2C Mass flow rate is the amount of mass flowing through a cross-section per unit time whereas the volume flow rate is the 
amount of volume flowing through a cross-section per unit time. 


5-3C The amount of mass or energy entering a control volume does not have to be equal to the amount of mass or energy 
leaving during an unsteady-flow process. 


5-4C No, a flow with the same volume flow rate at the inlet and the exit is not necessarily steady (unless the density is 
constant). To be steady, the mass flow rate through the device must remain constant. 


5-5 The ventilating fan of the bathroom of a building runs continuously. The mass of air “vented out” per day is to be 
determined. 

Assumptions Flow through the fan is steady. 

Properties The density of air in the building is given to be 1.20 kg/m . 

Analysis The mass flow rate of air vented out is 

n; alr =pV 3is = (1.20 kg/m 3 )( 0.030 m 3 /s) = 0.036 kg/s 
Then the mass of air vented out in 24 h becomes 

m = rhgfrAt = (0.036 kg/s)(24 x 3600 s) = 3110 kg 
Discussion Note that more than 3 tons of air is vented out by a bathroom fan in one day. 



5-6E The ducts of an air-conditioning system pass through an open area. The inlet velocity and the mass flow rate of air are 
to be determined. 


Assumptions Flow through the air conditioning duct is steady. 

Properties The density of air is given to be 0.078 lbm/ft at the inlet. 
Analysis The inlet velocity of air and the mass flow rate through the duct are 



4 

A 


ttD 2 / 4 


450 f 3 /min 
^(10/12 ft) 2 / 4 


= 825 ft/min = 13.8ft/s 



m = p x 0 x = (0.078 lbm/i 3 )(450 i 3 / min) = 35. 1 lbm/min = 0.585 lbm/s 
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5-7 Air flows through a pipe. Heat is supplied to the air. The volume flow rates of air at the inlet and exit, the velocity at the 
exit, and the mass flow rate are to be determined. 


Air 

200 kPa 
20°C 
5 m/s 



180 kPa 
40°C 


Properties The gas constant for air is 0.287 kJ/kg.K (Table A-2). 

Analysis (< a ) ( b ) The volume flow rate at the inlet and the mass flow rate are 




m = p l A c V l =-^- — V, = 


(5m/s) = 0.3079rn 3 /s 


(200 kPa) ^-(0.28 m) 


RT X 4 


(5 m/s) = 


(0.287 kJ/kg.K)(20 + 273 K) 4 
(c) Noting that mass flow rate is constant, the volume flow rate and the velocity at the exit 

m m 0.73 18 kg/s nr*iTA 3 / 

5 = 0.3654rrr/s 


V> = 


Pi 


Pi 


(180 kPa) 


RT 2 (0.287 kJ/kg.K)(40 + 273 K) 


Vo = 


V 2 _ 0.3654 m 3 /s 
A c ;r(0.28 m) 2 


= 5.94 m/s 


0.731 8kg/s 

of the pipe are determined from 


4 


5-8E Helium at a specified state is compressed to another specified state. The mass flow rate and the inlet area are to be 
determined. 


Assumptions Flow through the compressor is steady. 

Properties The gas cosntant of helium is R = 2.6809 psia-ftVlbm-R (Table A- IE) 
Analysis The mass flow rate is determined from 


. a 2 v 2 a 2 v 2 p 2 

m = = 

^2 ^2 


(0.01 ft 2 )(100 fl/s)(200 psia) 
(2.6809 psia • i 3 /lbm • R)(1060 R) 


0.070381 bm/s 


The inlet area is determined from 


mv x mRT\ (0.07038 lbm/s)(2.6809 psia • ft Vlbm- R)(530 R) _ 2 

V { V l P l (50 ft/s) (15 psia) 


200 psia 
600°F 



PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


5-4 

5-9 A rigid tank initially contains air at atmospheric conditions. The tank is connected to a supply line, and air is allowed to 
enter the tank until the density rises to a specified level. The mass of air that entered the tank is to be determined. 

Properties The density of air is given to be 1.18 kg/m at the beginning, and 
5.30 kg/m 3 at the end. 

Analysis We take the tank as the system, which is a control volume since mass 
crosses the boundary. The mass balance for this system can be expressed as 

Mass balance : 

m i„ - m out = ^"system m i = m 2 = p 2 V - P \V 

Substituting, 

m,- =(/ o 2 - P\)V = [(5.30- 1. 18) kg/m 3 ](2m 3 ) = 8.24 kg 
Therefore, 8.24 kg of mass entered the tank. 



5-10 A cyclone separator is used to remove fine solid particles that are suspended in a gas stream. The mass flow rates at the 
two outlets and the amount of fly ash collected per year are to be determined. 

Assumptions Flow through the separator is steady. 

Analysis Since the ash particles cannot be converted into the gas and vice-versa, the mass flow rate of ash into the control 
volume must equal that going out, and the mass flow rate of flue gas into the control volume must equal that going out. 
Hence, the mass flow rate of ash leaving is 

W'ash = >’ash'«in = (0.001X10 kg/s) = 0.01 kg/s 

The mass flow rate of flue gas leaving the separator is then 

"'fluegas = "'in "'ash = 10-0.01 = 9.99kg/S 

The amount of fly ash collected per year is 

m ash = ^ash^ = (0.01 kg/s)(365 x 24 x 3600 s/year) =31 5,400kg/year 
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5-11 A spherical hot-air balloon is considered. The time it takes to inflate the balloon is to be determined. 
Assumptions 1 Air is an ideal gas. 

Properties The gas constant of air is R = 0.287 kPa-mVkg-K (Table A-l). 

Analysis The specific volume of air entering the balloon is 


RT 

v = 

P 


(0.287 kPa • m 3 /kg ■ K)(20 + 273 K) 
120 kPa 


= 0.7008 m 3 /kg 


The mass flow rate at this entrance is 


. A C V nD 1 V 1.0 m) 2 

m = = = 

i/ 4 </ 4 


3 m/s 

0.7008m 3 /kg 


3.362 kg/s 


The initial mass of the air in the balloon is 

C/ nD 3 _ n(5 m) 3 

c/ 6i/ 6(0.7008 m 3 /kg) 


93.39 kg 


Similarly, the final mass of air in the balloon is 


m f = 


Vf nD 


/z-(15m) : 


= 2522 kg 


c/ 61/ 6(0. 7008 m 7kg) 

The time it takes to inflate the balloon is determined from 


m f — m i (2522 -93.39) kg ^ „„„ . 

At = — = — - = 722 s = 1 2.0 min 


in 


3.362 kg/s 


5-12 A desktop computer is to be cooled by a fan at a high elevation where the air density is low. The mass flow rate of air 
through the fan and the diameter of the casing for a given velocity are to be determined. 

Assumptions Flow through the fan is steady. 

Properties The density of air at a high elevation is given to be 0.7 kg/m . 

Analysis The mass flow rate of air is 

m air = p l/ lir = (0.7 kg/m 3 )(0.34 m 3 /min) =0.238 kg/min= 0.0040 kg/s 
If the mean velocity is 1 10 m/min, the diameter of the casing is 

.2 


nD 

V = AV=- — V -> D = 


4C/ 4(0.34 m/min) 


nV 


^■(110 m/min) 


= 0.063 m 





Therefore, the diameter of the casing must be at least 6.3 cm to ensure that 
the mean velocity does not exceed 110 m/min. 

Discussion This problem shows that engineering systems are sized to satisfy certain constraints imposed by certain 
considerations. 
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5-13 A water pump increases water pressure. The diameters of the inlet and exit openings are given. The velocity of the 
water at the inlet and outlet are to be determined. 

Assumptions 1 Flow through the pump is steady. 2 The specific volume remains constant. 

Properties The inlet state of water is compressed liquid. We approximate it as a saturated liquid at the given temperature. 
Then, at 15°C and 40°C, we have (Table A-4) 


T = 15°C 

[ i/[ =0.001001 m 3 /kg 

x = 0 ) 900 kPa 

r = 40°c ] . 

</! = 0.001008 m 3 /kg 

v = 0 


Analysis The velocity of the water at the inlet is 

y = 1 = 4,nc/ i = 4(0.5 kg/s)(0. 001001 m 3 /kg) = g 37m/s 

1 4 7iD[ /r(0.01m) 2 



Water 
100 kPa 
15°C 


Since the mass flow rate and the specific volume remains constant, the velocity at the pump exit is 


y 2 = y, _L = Vi _L zz (6.37 m/s) 


0.01m 

0.015m 


Using the specific volume at 40°C, the water velocity at the inlet becomes 


mt/j _4 mt/j _ 4(0.5 kg/s)(0.001008 m 3 /kg) 
A /zDj 2 /z-(O.Olm) 2 


6.42 m/s 


which is a 0.8% increase in velocity. 
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5-14 Refrigerant- 1 34a flows through a pipe. Heat is supplied to R-134a. The volume flow rates of air at the inlet and exit, 
the mass flow rate, and the velocity at the exit are to be determined. 

Properties The specific volumes of R-134a at the inlet and exit are (Table A- 13) 


Pi 

Ti 


= 200 kPa 
= 20°C 


\v x =0.1 142 m 



P x = 180 kP a 
T x = 40°C 



= 0.1374 m 3 /kg 


Analysis 


R-134a 
200 kPa 
20°C 
5 m/s 



180 kPa 
40°C 


(a) ( b ) The volume flow rate at the inlet and the mass flow rate are 




(5 m/s) = 0.3079m 3 /s 


m = -A c V l =-^-V l = 


1 


^■(0.28 m)‘ 


c/, 


t/i 4 


0.1142 nrVkg 


(5 m/s) = 2.696kg/s 


(c) Noting that mass flow rate is constant, the volume flow rate and the velocity at the exit of the pipe are determined from 

V 2 = mv 2 = (2.696 kg/s)(0. 1374 m 3 /kg) = 0.3705m 3 /s 

(A 0.3705 m 3 /s _ . 

V 2 = — = — = 6.02m/s 

A n ( 0.28 m) 2 


5-15 A smoking lounge that can accommodate 15 smokers is considered. The required minimum flow rate of air that needs 
to be supplied to the lounge and the diameter of the duct are to be determined. 

Assumptions Infiltration of air into the smoking lounge is negligible. 

Properties The minimum fresh air requirements for a smoking lounge is given to be 30 L/s per person. 

Analysis The required minimum flow rate of air that needs to be supplied to the lounge is determined directly from 


^air = ^air per person (No. of persons) 

= (30L/s-person)(15 persons) = 450 L/s = 0.45m 3 /s 
The volume flow rate of fresh air can be expressed as 
[/ = VA = V(nD 2 / 4) 


Solving for the diameter D and substituting, 


D = 



4(0.45 m 3 /s) 
y /r(8m/s) 


0.268 m 


Smoking 

Lounge 

15 smokers 
30 L/s person 


Therefore, the diameter of the fresh air duct should be at least 26.8 cm if the velocity of air is not to exceed 8 m/s. 
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5-16 Warm water is withdrawn from a solar water storage tank while cold water enters the tank. The amount of water in the 
tank in a 20-minute period is to be determined. 

Properties The density of water is taken to be 1000 kg/m for 
both cold and warm water. 


Analysis The initial mass in the tank is first determined from 

m l = /?(/ tank = (1000 kg/m 3 )(0.3 m 3 ) = 300 kg 

The amount of warm water leaving the tank during a 20 -min 
period is 

m e = pA c VAt = (1000 kg/m 3 ) m - ) (0.5 m/s)(20x 60 s) = 188.5 kg 

The amount of cold water entering the tank during a 20-min period is 
m i = pO c Al = (1000 kg/m 3 )(0. 005 m 3 /min)(20 min) = 100 kg 
The final mass in the tank can be determined from a mass balance as 

m- — m e = m 2 — m x >m 2 = m, + m i — m e = 300 + 100 — 1 88.5 =211 -5kg 



Warm water 
45°C 
0.5 m/s 


Flow Work and Energy Transfer by Mass 


5-17C Flow energy or flow work is the energy needed to push a fluid into or out of a control volume. Fluids at rest do not 
possess any flow energy. 


5-18C Flowing fluids possess flow energy in addition to the forms of energy a fluid at rest possesses. The total energy of a 
fluid at rest consists of internal, kinetic, and potential energies. The total energy of a flowing fluid consists of internal, 
kinetic, potential, and flow energies. 
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5-19 Warm air in a house is forced to leave by the infiltrating cold outside air at a specified rate. The net energy loss due to 
mass transfer is to be determined. 


Assumptions 1 The flow of the air into and out of the house through the cracks is steady. 2 The kinetic and potential 
energies are negligible. 3 Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.287 kPa-m/kg-K (Table A-l). The constant pressure specific heat of air at room 
temperature is c p = 1.005 kJ/kg-°C (Table A-2). 

Analysis The density of air at the indoor conditions and its mass flow rate are 


P _ 101.325 kPa 

RT (0.287 kPa-m 3 /kg-K)(24 + 273 )K 


1.1 89 kg/m 3 


m = pV = (1 . 189 kg/m 3 )(150 m 3 /h) = 178.35kg/h = 0.0495kg/s 

Noting that the total energy of a flowing fluid is equal to its enthalpy 
when the kinetic and potential energies are negligible, and that the rate 
of energy transfer by mass is equal to the product of the mass flow rate 
and the total energy of the fluid per unit mass, the rates of energy 
transfer by mass into and out of the house by air are 

^mass.in = = ™ h \ 



Warm air 
24°C 


^ mass, out ™@out 


The net energy loss by air infiltration is equal to the difference between the outgoing and incoming energy flow rates, which 
is 


Admass = ^ mass, out “ £ mass,in = m(h 2 ~ h \ ) = mC p <T 2 ~ 7 1 ) 

= (0.0495 kg/s)(l .005 kJ/kg • °C)(24 - 5)°C = 0.945 kJ/s 

= 0.945kW 

This quantity represents the rate of energy transfer to the refrigerant in the compressor. 

Discussion The rate of energy loss by infiltration will be less in reality since some air will leave the house before it is fully 
heated to 24°C. 


5-20E A water pump increases water pressure. The flow work required by the pump is to be determined. 

Assumptions 1 Flow through the pump is steady. 2 The state of water at the pump inlet is saturated liquid. 3 The specific 
volume remains constant. 


Properties The specific volume of saturated liquid water at 15 psia is 


i/ = (/ /@15psia =0.01672 ft 3 /lbm (Table A-5E) 


Then the flow work relation gives 


Wflow = P 2^2 ~ P \V\ =v(P 2 ~Pl) 


= (0.01672 £ 71bm)(80 - 15)psia 


1 Btu 

5.404 psia • fi 


= 0.201Btu/lbm 



Water 
15 psia 
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5-21 Refrigerant- 134a enters a compressor as a saturated vapor at a specified pressure, and leaves as superheated vapor at a 
specified rate. The rates of energy transfer by mass into and out of the compressor are to be determined. 


Assumptions 1 The flow of the refrigerant through the compressor is steady. 2 The kinetic and potential energies are 
negligible, and thus they are not considered. 


Properties The enthalpy of refrigerant- 134a at the inlet and the exit are (Tables 
A-12 and A-13) 

P 2 = 0.8 MPa 

\ = ^?@o.i4MPa = 239.19 kJ/kg Anor , 


>h 2 = 296.82 kJ/kg 


Analysis Noting that the total energy of a flowing fluid is equal to its enthalpy when the 
kinetic and potential energies are negligible, and that the rate of energy transfer by 
mass is equal to the product of the mass flow rate and the total energy of the fluid per 
unit mass, the rates of energy transfer by mass into and out of the compressor are 


£mass,in =™°in = ™h\ = (0.06 kg/s)(239. 19 kJ/kg) = 14.35 kJ/s = 1 4.35kW 



( 1 ) 

0.14 MPa 


^ out = m0 out = mh 2 = (0.06 kg / s)(296.82 kJ/kg) = 17.81 kJ/s = 1 7.81 kW 

Discussion The numerical values of the energy entering or leaving a device by mass alone does not mean much since this 
value depends on the reference point selected for enthalpy (it could even be negative). The significant quantity here is the 
difference between the outgoing and incoming energy flow rates, which is 

AF = F —F = 1 7 8 1 - 1 4 35 = 3 46 kW 

ZJC 'mass ^ mass, out mass, in A/ - OA A ^* JJ 

This quantity represents the rate of energy transfer to the refrigerant in the compressor. 
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5-22E Steam is leaving a pressure cooker at a specified pressure. The velocity, flow rate, the total and flow energies, and the 
rate of energy transfer by mass are to be determined. 


Assumptions 1 The flow is steady, and the initial start-up period is disregarded. 2 The kinetic and potential energies are 
negligible, and thus they are not considered. 3 Saturation conditions exist within the cooker at all times so that steam leaves 
the cooker as a saturated vapor at 20 psia. 

Properties The properties of saturated liquid water and water vapor at 20 psia are <// = 0.01683 ft/lbm, i/ ? = 20.093 ft/lbm, 
u g = 1081.8 Btu/lbm, and h g = 1 156.2 Btu/lbm (Table A-5E). 


Analysis {a) Saturation conditions exist in a pressure cooker at all times after the steady operating conditions are established. 
Therefore, the liquid has the properties of saturated liquid and the exiting steam has the properties of saturated vapor at the 
operating pressure. The amount of liquid that has evaporated, the mass flow rate of the exiting steam, and the exit velocity 
are 


m = 


m = 


A liquid 


0.6gal 


f 0.13368ft 3 ^ 


1 / 


/ 


0. 01683ft /lbm 


lgal 


= 4.766 lbm 


m 4.766 lbm 


At 45 min 


= 0.1059 lbm/min= 1.765x1 O' 3 lbm/s 


-3 


v = 


m ™v g ( 1.765 x 10'" lbm/s)(20.093 ft 71bm) 


PA 


8 c 


A . 


0.15in 


144 in 
lft 2 


2 ^ 


= 34.1 ft/s 



Q 


(b) Noting that h- u + Pu and that the kinetic and potential energies are disregarded, the flow and total energies of the 
exiting steam are 

e flow “ Pv = h-u = l 156.2 - 1081.8 = 74.4 Btu/lbm 
0 = h-\- ke + pe = h = 1156.2 Btu/lbm 

Note that the kinetic energy in this case is ke = V 2 /2 = (34.1 ft/s) 2 12 = 581 ft 2 /s 2 = 0.0232 Btu/lbm, which is very small 
compared to enthalpy. 

(c) The rate at which energy is leaving the cooker by mass is simply the product of the mass flow rate and the total energy of 
the exiting steam per unit mass, 

E =md = (1.765 xl(T 3 lbm/s )(1 156.2 Btu/lbm)= 2.04 Btu/s 


Discussion The numerical value of the energy leaving the cooker with steam alone does not mean much since this value 
depends on the reference point selected for enthalpy (it could even be negative). The significant quantity is the difference 
between the enthalpies of the exiting vapor and the liquid inside (which is hf g ) since it relates directly to the amount of 
energy supplied to the cooker. 


Steady Flow Energy Balance: Nozzles and Diffusers 

5-23C It is mostly converted to internal energy as shown by a rise in the fluid temperature. 


5-24C The kinetic energy of a fluid increases at the expense of the internal energy as evidenced by a decrease in the fluid 
temperature. 


5-25C Heat transfer to the fluid as it flows through a nozzle is desirable since it will probably increase the kinetic energy of 
the fluid. Heat transfer from the fluid will decrease the exit velocity. 
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5-26E Air is accelerated in a nozzle from 150 ft/s to 900 ft/s. The exit temperature of air and the exit area of the nozzle are 
to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with variable specific 
heats. 3 Potential energy changes are negligible. 4 There are no work interactions. 

Properties The enthalpy of air at the inlet is h\ = 143.47 Btu/lbm (Table A-17E). 

Analysis (a) There is only one inlet and one exit, and thus n\ =ni 2 = th. We take nozzle as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


or, 


E m ~ E out 


AE« 


7I() (steady) 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

E in = E out 


m(h x + V X 2 / 2) = <2 out + m(h 2 + V 2 /2) (since W = Ape = 0) 


-Gout = rh \ 


h 2 ~ h \ 


v , 2 -y, 2 ^ 


6.5 Btu/lbm 




h 2 = ~<lout + h \ 


v 2 2 -v* 


= -6.5 Btu/lbm+ 143.47 Btu/lbm 
= 121.2 Btu/lbm 


(900 £/s) 2 -(150 ft/s) 


1 Btu/lbm 
25,037 ft 2 /s 2 


Thus, from Table A-17E, T 2 = 507 R 

(b) The exit area is determined from the conservation of mass relation, 


A 2 V 2 - ~A V l 

V*> V, 


^ a,4^ = 


v i ^2 


RT 2 /p 2 

RTJPxj 


Yl 

V , 


A, 


(508/14.7X150 t/s) ( Q lft2 ) =0 ()48ft2 
(600/50)(900 ft/s) v ' 
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5-27E Air is accelerated in an adiabatic nozzle. The velocity at the exit is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with constant specific 
heats. 3 Potential energy changes are negligible. 4 There are no work interactions. 5 The nozzle is adiabatic. 

Properties The specific heat of air at the average temperature of (700+645)/2=672.5°F is c p = 0.253 Btu/lbm-R (Table A- 
2E b). 

Analysis There is only one inlet and one exit, and thus m x = m 2 =rh. We take nozzle as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


E in ~ £ out 


= A F 

system 


710 (steady) 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 


E in = E out 


m(h x +V\ / 2) =m(h 2 + V' 2 2 /2) 
h x +V? 12 = h 2 +V% 12 


300 psia 
700°F 
80 ft/s 



250 psia 
645 °F 


Solving for exit velocity, 


v 2 = 


0.5 


V\ +2{h x -h 2 )\ =pT+2 c p (T x -T 2 ) 


0.5 


(80 ft/s) 2 + 2(0.253 Btu/lbm- R)(700 - 645)R 

= 838.6ft/s 


r 25,037 ft 2 /s 2 ^ 

1 Btu/lbm 


“I 0.5 
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5-28 Air is decelerated in an adiabatic diffuser. The velocity at the exit is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with constant specific 
heats. 3 Potential energy changes are negligible. 4 There are no work interactions. 5 The diffuser is adiabatic. 

Properties The specific heat of air at the average temperature of (30+90)/2 = 60°C = 333 K is c p = 1.007 kJ/kg-K (Table A- 

2b). 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take diffuser as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


E in ~ £ out 


= A F 

system 


710 (steady) 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

K = £out 


m(h x + V\ / 2) = m(h 2 + V 2 2 12) 
h\ + V\ / 2 = h 2 + V 2 /2 



200 kPa 
90°C 


Solving for exit velocity, 

v 2 = 


Yi + 2 (/*! - h 2 )f 5 = [vf + 2 Cp (T, - T 2 ) 


0.5 


(350 m/s) 2 + 2(1.007 kJ/kg • K)(30 - 90)K 


1000 m 2 /s 2 ^ 
1 kJ/kg 


n 0.5 


= 40. 7 m/s 
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5-29 Air is accelerated in a nozzle from 120 m/s to 380 m/s. The exit temperature and pressure of air are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with variable specific 
heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat transfer is negligible. 5 There are no 
work interactions. 

Properties The enthalpy of air at the inlet temperature of 500 K is h\ = 503.02 kJ/kg (Table A- 17). 

Analysis (a) There is only one inlet and one exit, and thus m x = = m . We take nozzle as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


A - 4ut 

v 

Rate of net energy transfer 
by heat, work, and mass 


a 77 *0 (steady) 

ZAiZ 'system 

V j 

V 

Rate of changein internal, kinetic, 
potential,etc. energies 


= 0 




m(h x + V 2 /2) = m(h 2 + V 2 /2) (since Q = W = Ape = 0) 


0 = h 2 — ^ + 


V. -V? 



or, 


„ 2 = - YtOl = 5 „ 3 ,„ 2 kJ/kg _ (380 m/sf - (120 m/ S ) 


2 ( 1 kJ/kg N 


v L000 m 2 /s 2 j 


= 438.02 kJ/kg 


Then from Table A- 17 we read T 2 = 436.5 K = 437 K 

(. b ) The exit pressure is determined from the conservation of mass relation, 


Thus, 


A 2 V 2 - A i y i 




v 


rt 2 /p 2 


a 2 v 2 - 


RT l /P l 




_ \t 2 v 1 p 
A 2 T X V 2 1 


2 (436.5 K)(120 m/s) ^ n „ 

(600 kPa) = 331 kPa 

1 (500 K)(380 m/s) 
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5-30 Heat is lost from the steam flowing in a nozzle. The velocity and the volume flow rate at the nozzle exit are to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no 
change with time. 2 Potential energy change is negligible. 3 
There are no work interactions. 

Analysis We take the steam as the system, which is a control 
volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 


Energy balance: 


^in ^out 


A F 

0 .system 


710 (steady) 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 


^in _ ^out 


Vj 2 ) ( V 2 ] • 

m k h — — = m Ivj H — — + Q. 
1 2 n 2 


400°C 
800 kPa 
10 m/s 


STEAM 


300°C 
200 kPa 


since W = Ape = 0) 


hl+ ^= h2+ ^l + ^ 


The properties of steam at the inlet and exit are (Table A-6) 

Pi = 800 kPa 1 = 0.38429 m 3 /kg 

T x = 400°C J \ = 3267.7 kJ/kg 


P 2 = 200 kPa] v = 1.31623 m 3 /kg 


7, = 300°C J h 2 = 3072. 1 kJ/kg 


The mass flow rate of the steam is 


m = — Ay i = 


0.38429 m7s 


(0.08 m 2 )(10 m/s) = 2. 082 kg/s 


Substituting, 


, (10m/s)Y 1 kJ/kg ) on ^ 11T/1 , V}( lkJ/kg 25 kJ/s 

3267.7 kJ/kg + t — - = 3072.1 kJ/kg + — — + 

2 ylOOO m 2 /s 2 ) 2 U000m 2 /s 2 J 2. 082 kg/s 


1A =606 m/s 


The volume flow rate at the exit of the nozzle is 


t/ 2 = mv 2 = (2.082 kg/s)(l. 31623 m 3 /kg) = 2.74m 3 /s 
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5-31 Steam is accelerated in a nozzle from a velocity of 40 m/s to 300 m/s. The exit temperature and the ratio of the 
inlet-to-exit area of the nozzle are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Table A-6), 


Pi= 3 MPa 1 i/j = 0.09938 m 3 /kg 
r^^O^J / 7l = 3231.7 kJ/kg 


Analysis ( a ) There is only one inlet and one exit, and thus m x = ^ = m . We take nozzle as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


K - 4ut 

v 

Rate of net energy traisfer 
by heat, work, and mass 


a 77 *0 (steady) 

^^^system 

V J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= 0 




m(h x + V 2 / 2) = m(h 2 + Vf /2) (since Q = W = Ape = 0) 


0 = h 2 — h\ 


Vi ~ V i 2 



2.5 MPa 
300 m/s 


or, 


h 2 =h x 


Vo 2 -V 2 


1 ...1 . 1T „ (300 m/s) -(40 m/s) 

— = 3231.7 kJ/kg 


1 kJ/kg 


v 1000m 2 /s 2 y 


= 3187.5 kJ/kg 


Thus, 

P 2 = 2.5 MPa 1 T 2 = 376.6PC 
ho =3187.5 kJ/kg J «/ 2 = 0. 1 1533 m 3 /kg 


(. b ) The ratio of the inlet to exit area is determined from the conservation of mass relation, 


— a 2 v 2 = — AjV, 

^2 



^lYi 
"2 Vl 


(0.09938 m 3 /kg)(300 m/s) _ 4g 
(0.1 1533 m 3 /kg)(40 m/s) 
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5-32E Air is decelerated in a diffuser from 750 ft/s to a low velocity. The exit temperature and the exit velocity of air are to 
be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with variable specific 
heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat transfer is negligible. 5 There are no 
work interactions. 

Properties The enthalpy of air at the inlet temperature of 65°F (or 520 R) is h\ = 125.40 Btu/lbm (Table A-17E). 

Analysis {a) There is only one inlet and one exit, and thus mj^^^m.We take diffuser as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


K - £out 

V 

Rate of net energy transfer 
by heat, work, and mass 


a p *0 (steady) 
ZAiZ 'system 

v. J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= 0 


^in “ ^out 


m(h x + V 2 


/ 2) = m(h 2 + 

0 — h 2 ~ h\ 


V 2 /2) (since Q = W = Ape = 0) 

V 2 -V 2 

+ — — 

2 



or, 


h 2 = h x - 


V ? -V , 2 


= 125.40 Btu/lbm- 


0- (750 ft/s ) : 


1 Btu/lbm 
25,037 ft 2 Is 2 


= 136.63 Btu/lbm 


From Table A-17E, 

T 2 = 571.6 R = 112°F 

(b) The exit velocity of air is determined from the conservation of mass relation, 


— A 2 V 2 = — A|V| > A 2 V 2 = A|V, 




V 


rt 2 /p 2 


RT X / P x 


Thus, 


A X T ? P X 

V, = 1 2 1 V, 
- A 2 T x P 2 


H571.6RX13p.ia) 
3 (525 R)(14.5 psia) 
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5-33 C0 2 gas is accelerated in a nozzle to 450 m/s. The inlet velocity and the exit temperature are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 C0 2 is an ideal gas with variable specific 
heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat transfer is negligible. 5 There are no 
work interactions. 

Properties The gas constant and molar mass of C0 2 are 0.1889 kPa.m /kg.K and 44 kg/kmol (Table A-l). The enthalpy of 
C0 2 at 500°C is h x = 30,797 kJ/kmol (Table A-20). 


Analysis (a) There is only one inlet and one exit, and thus ri\ = = m . Using the ideal gas relation, the specific volume is 

determined to be 


t/j = 


RT, (0.1889kPa-m 3 /kg-K)(773 K) ni/i£ 3;] 

- — - - A ^ = 0. 146 m /kg 


P 


1000 kPa 


Thus, 


m = — AjVj 
i/> 


->h = 


me/, 



0. 146 nr 




40x 10 _4 m 2 


= 60.8 m/s 


(b) We take nozzle as the system, which is a control volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 


E in - E om 


A F 

'-^system 


710 (steady) 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 


m(h x + V x / 2) = m(h 2 + V 2 /2) (since Q = W = Ape = 0) 


0 = h 2 — h x 


y 2 2 -i ^ 2 


Substituting, 


- - v 2 2 -vf 

h 2 =h x 2 — M 


= 30,797 kJ/kmol 
= 26,423 kJ/kmol 


(450 m/s f -(60.8 m/s) 


2 ( 1 kJ/kg ' 


1000 m 2 /s 2 


(44 kg/kmol) 


Then the exit temperature of C0 2 from Table A-20 is obtained to be T 2 = 685.8 K = 686 K 
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5-34 R-134a is accelerated in a nozzle from a velocity of 20 m/s. The exit velocity of the refrigerant and the ratio of the 
inlet-to-exit area of the nozzle are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 

Properties From the refrigerant tables (Table A- 13) 


and 


Pi = 700 kPa (,, = 0.043358 m 3 /kg 
7i=120°C J ^ =358.92 kJ/kg 


P 2 = 400 kPa </ 2 = 0.056796 m 3 /kg 
T 2 = 30°C J h 2 =275.09 kJ/kg 



Analysis (a) There is only one inlet and one exit, and thus n\ = = m . We take nozzle as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


E in ~ E out 


AF 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in — E out 

m(h x + V 2 / 2) = m(h 2 + ^J 2 _I2) (since Q = W = Ape = 0) 


0 = h 2 — 1\ + 


V 2 -V 2 


Substituting, 

0 = (275.09 - 358.92) IJ /lc g+ V '-< 20m/S 7 ' 1 ^ 


v 1000 m 2 /s 2 J 


It yields 

V 2 = 409.9 m/s 

(b) The ratio of the inlet to exit area is determined from the conservation of mass relation, 


a 2 v 2 - A^i 


(/' 


v 


^ A 1 _ i/j V 2 _ (o. 043358 m 3 /kg)[409.9 m/s) _ g5 

0.056796 m 3 /kg)(20 m/s) 


Vo V, 
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5-35 Nitrogen is decelerated in a diffuser from 275 m/s to a lower velocity. The exit velocity of nitrogen and the ratio of the 
inlet-to-exit area are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Nitrogen is an ideal gas with variable 
specific heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat transfer is negligible. 5 
There are no work interactions. 

Properties The molar mass of nitrogen is M = 28 kg/kmol (Table A-l). The enthalpies are (Table A-18) 

T x = 7°C = 280 K -> h x = 8 141 kJ/kmol 
T 2 = 27 °C = 300 K -> h 2 = 8723 kJ/kmol 

Analysis (a) There is only one inlet and one exit, and thus m 1 = m 2 =m. We take diffuser as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in £out 


AE, 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

^in = ^out 


m(h x + V x / 2) = m(h 2 + V 2 /2) (since <2 = W = Ape = 0) 


0 = h 2 - h x 


V* -V\ 2 h 2 -h x , V 2 -V x 2 ’ 


M 


Substituting, 
0 = 


_ (8 723 - 814l)kJ/kmol V 2 2 - (275 m /s) 


28 kg/kmol 


2 f 1 kJ/kg ^ 


v 1000 m 2 /s 2 y 



It yields 

V 2 = 185 m/s 

(b) The ratio of the inlet to exit area is determined from the conservation of mass relation, 


or, 


^ 2^2 “ 

C/ 2 «/! 


^2 ^2 ^1 


' rt x ip x \v 2 
{rt 2 ip 2 )v 1 


A 

^2 


r T x IPA v 2 

{t 2 IP 2 )V x 


(280 K/60 kPa)(l85 m/s) Q g8? 
(300 K/85 kPa)(200 m/s) 
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5-36 mr<m Problem 5-35 is reconsidered. The effect of the inlet velocity on the exit velocity and the ratio of the inlet-to- 
exit area as the inlet velocity varies from 210 m/s to 350 m/s is to be investigated. The final results are to be plotted against 
the inlet velocity. 

Analysis The problem is solved using EES, and the solution is given below. 


Function HCal(WorkFluid$, Tx, Px) 

"Function to calculate the enthalpy of an ideal gas or real gas" 

If 'N2' = WorkFluid$ then 

HCal:=ENTHALPY(WorkFluid$,T=Tx) "Ideal gas equ." 
else 

HCal:=ENTHALPY(WorkFluid$,T=Tx, P=Px)"Real gas equ." 
endif 
end HCal 

"System: control volume for the nozzle" 

"Property relation: Nitrogen is an ideal gas" 

"Process: Steady state, steady flow, adiabatic, no work" 

"Knowns" 

WorkFluid$ = 'N2' 

T[1] = 7 [C] 

P[1] = 60 [kPa] 

“Vel[1 ] = 275 [m/s]” 

P[2] = 85 [kPa] 

T[2] = 27 [C] 

"Property Data - since the Enthalpy function has different parameters 
for ideal gas and real fluids, a function was used to determine h." 
h[1 ]=HCal(WorkFluid$,T[1 ],P[1 ]) 
h[2]=HCal(WorkFluid$,T[2],P[2]) 

"The Volume function has the same form for an ideal gas as for a real fluid." 

v[1]=volume(workFluid$,T=T[1],p=P[1]) 

v[2]=volume(WorkFluid$,T=T[2],p=P[2]) 

"From the definition of mass flow rate, m_dot = A*Vel/v and conservation of mass the area ratio A_Ratio = 
A_1/A_2 is:" 

A Ratio*Vel[1]/v[1] =Vel[2]/v[2] 

"Conservation of Energy - SSSF energy balance" 
h[1 ]+Vel[1 ] A 2/(2*1 000) = h[2]+Vel[2] A 2/(2*1000) 
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Veh 

Vel 2 

^Ratio 

300 p 

[m/s] 

[m/s] 


_ 

210 

50.01 

0.3149 

- 

224 

92.61 

0.5467 

250 

238 

122.7 

0.6815 

_ 

252 

148 

0.7766 

- 

266 

170.8 

0.8488 

V 200 

280 

191.8 

0.9059 


294 

211.7 

0.9523 


308 

230.8 

0.9908 

150 

322 

249.2 

1.023 

a> 

> 

336 

267 

1.051 


350 

284.4 

1.075 

100 


50 







- 



- 


- 

\ 

■ 

- \ 

1 

X 


- 

: / 

/ 

/ 





200 220 240 260 280 300 320 340 360 

Vel[1] [m/s] 



Vel[1] [m/s] 
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5-37 R-134a is decelerated in a diffuser from a velocity of 160 m/s. The exit velocity of R-134a and the mass flow rate of 
the R-134a are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
There are no work interactions. 


Properties From the R-134a tables (Tables A-l 1 through A- 13) 

Pi = 600 kPa 1 = 0.034335 m 3 /kg 

sat. vapor J h x = 262.46 kJ/kg 


and 


P 2 = 700 kPa 1 v 2 = 0.031696 m 3 /kg 
T 2 = 40°C J h 2 = 278. 59 kJ/kg 



2 


Analysis ( a ) There is only one inlet and one exit, and thus m x = = m . Then the exit velocity of R- 1 34a is determined 

from the steady-flow mass balance to be 

3 


— A 2 v 2 = — A t V t > V 2 = 2 l Vi = _L (0-031696 m /kg) ^ ^ = g 2 06 m/s 

^2 u \ u \ ^2 1-8 (0.034335 m 3 /kg) 


( b ) We take diffuser as the system, which is a control volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 


^in - ^out 


A E c 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 

Q m + m(h x + V x / 2) = m(h 2 + Vf 12) (since W = Ape = 0) 


2in = H 


h 2 —h\-\- 


vt-v^ 


Substituting, the mass flow rate of the refrigerant is determined to be 

(82.06 m/s) 2 -(160 m/s) 2 ' 


2 kJ/s = m 


(278.59 - 262.46)kJ/kg + 


1 kJ/kg 


v 1000 m 2 /s 2 y 


It yields 


m = 0.2984kg/s 
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5-38 Steam is accelerated in a nozzle from a velocity of 60 m/s. The mass flow rate, the exit velocity, and the exit area of the 
nozzle are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
There are no work interactions. 


Properties From the steam tables (Table A-6) 

Pi = 4 MPa I V| = 0.07343 m 3 /kg 
7] = 400°C J h x = 3214.5 kJ/kg 


and 


P 2 =2 MPal „ 2 = 0.12551 m 3 /kg 
r 2 =300°Cj h 2 =3024.2 kJ/kg 




Analysis (a) There is only one inlet and one exit, and thus ri\ = ^ = m. The mass flow rate of steam is 


m = — V x A x = 

i/. 


1 


(60 m/s)(50 x 10" 4 m 2 ) = 4.085 kg/s 


0.07343 m J /kg 


( b ) We take nozzle as the system, which is a control volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 


^in ^out 


A£„ 


7I() (steady) 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in “ -^out 


m(h x + V x IT) - Q OLlt + m(h 2 + V9 /2) (since W = Ape = 0) 


“Gout 


h 2 —h x + 


vi -Vi 


2 ^ 


Substituting, the exit velocity of the steam is determined to be 

- 75 kJ/s = (4.085 kg/s j 3024.2-3214.5 + V 2 ~ (60 m/s) 


2 ( 1 kJ/kg ^ 


v 1000 m 2 /s 2 j j 


It yields 

V 2 = 589.5 m/s 

(c) The exit area of the nozzle is determined from 

til = — V 2 A 2 > _ (4 085kg/s)(o. 12551 m 3 /k 8 )_^ 71 ^^ ^ 

t/ 2 589.5 m/s 
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5-39 Air is decelerated in a diffuser from 220 m/s. The exit velocity and the exit pressure of air are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with variable specific 
heats. 3 Potential energy changes are negligible. 4 There are no work interactions. 

Properties The gas constant of air is 0.287 kPa.mVkg.K (Table A-l). The enthalpies are (Table A- 17) 

T x = 27° C = 300 K h x = 300.19 kJ /kg 
T 2 = 42° C = 315 K -» h 2 =315.27 kJ /kg 

Analysis (a) There is only one inlet and one exit, and thus m x = = m . We take diffuser as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


K - £out 

V 

Rate of net energy traisfer 
by heat, work, and mass 


a p a<> (steady) 
ZAiZ 'system 

v. j 

V 

Rate of changein internal, kinetic, 
potential,etc. energies 


= 0 


^in — ^out 


m(h x + V x IT) — Q out + m(h 2 + V 2 /2) (since W = Ape = 0) 


- Gout = ™\ 


h^-h x + 


v? - v ? N 


18 kJ/s 



Substituting, the exit velocity of the air is determined to be 


-18 kJ/s = (2.5 kg/s 


(3 15.27 - 300. 19) kJ/kg + 



(220 m/s) 2 
2 


1 kJ/kg 
v 1000 m 2 /s 2 y 


\ 


j 


It yields V 2 = 62.0 m/s 

(b) The exit pressure of air is determined from the conservation of mass and the ideal gas relations, 
1 


m = 


v 


a 2 v 2 


->v 2 = 


- W = l° ° 4m2 ) (62m,S ) = 0.992 m s /kg 
n 2.5 kg/s 


and 


P 2 ^2 ~ PT 2 


->P,= 


RT 2 _ (o.287kPa-m 3 /kg-K)(315 K) 


Ur 


0.992 m 3 /kg 


= 91.1kPa 


Turbines and Compressors 


5-40C The volume flow rate at the compressor inlet will be greater than that at the compressor exit. 


5-41C Yes. Because energy (in the form of shaft work) is being added to the air. 


5-42C No. 
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5-43E Air expands in a turbine. The mass flow rate of air and the power output of the turbine are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The gas constant of air is R = 0.3704 psia.ft /lbm.R. The constant pressure specific heat of air at the average 
temperature of (900 + 300)/2 = 600 °F is c p = 0.25 Btu/lbm-°F (Table A-2a) 

Analysis ( a ) There is only one inlet and one exit, and thus tn l =m 2 =m. The inlet specific volume of air and its mass flow 
rate are 


/?7j _ (p.3704 psia-tt Vlbm- r)( 1360 R) 
1 ~ 150 psia 


= 3.358 ft vlbm 


R 


m ~ — A l V l = 

i/. 


1 


3.358 ft -Vlbm 


0. 1 ft 2 )(350 i/s ) = 10.42 lbm/s 


( b ) We take the turbine as the system, which is a control volume since 
mass crosses the boundary. The energy balance for this steady-flow 
system can be expressed in the rate form as 


^in ^out 


AZL 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in “ ^out 

m(h x + V x / 2) = W out + m(h 2 + V 2 /2) (since Q = Ape = 0) 


W 0 ut = -m 


h 2 -h x + 


V 2 2 -vT 


= —m 


c p (T 2 -T,) + 


VS -v, 



Substituting, 

W out = -(10.42 lbm/s) (o.250 Btu/lbm° f)(300 - 900)°F + 7°° ft/s 1 ~ ^ 35 ° ft/s 1 

2 

= 1486.5 Btu/s = 1568 kW 


1 Btu/lbm 

25,037 i 2 /s 2 
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5-44 Refrigerant- 1 34a is compressed steadily by a compressor. The power input to the compressor and the volume flow rate 
of the refrigerant at the compressor inlet are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Properties From the refrigerant tables (Tables A-l 1 through 13) 


Ti = -24°C i/, = 0. 17398 m 3 /kg 
sat.vapor j h x = 235.94 kJ/kg 


P 2 =0.8 MPa 
T 2 =60°C 


\h 2 =296.82 kJ/kg 


Analysis {a) There is only one inlet and one exit, and thus m x = rr^ = m. We take the 

compressor as the system, which is a control volume since mass crosses the boundary. The 
energy balance for this steady-flow system can be expressed in the rate form as 

77 _ 77 _ a 77 ^0 (steady) _ ^ 

^in ^out ZA/Z 'system u 

^ v ' . 3 ' 

Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 

W- m + mh x = mh 2 (since Q = Ake = Ape = 0) 

W [n = m(h 2 -h x ) 


2 



Substituting, 

W in =(l.2 kg/s)(296. 82 - 235. 94)kJ/kg = 73.06 k J/s 
( b ) The volume flow rate of the refrigerant at the compressor inlet is 
t \ =mv x = (1.2 kg/sX0. 17398 m 3 /kg) = 0.209 m 3 /s 
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5-45 Saturated R-134a vapor is compressed to a specified state. The power input is given. The exit temperature is to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer with the surroundings is negligible. 

Analysis We take the compressor as the system, which is a control volume since mass crosses the boundary. Noting that one 
fluid stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the rate 
form as 


-^in ^out 

s. J 

V 

Rate of net energy traisfer 
by heat, work, and mass 


a i 7 <^0 (steady) 
^-^system 

y j 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


^in “ ^out 

W in + mh x - mh 2 (since Ake = Ape = 0) 
W in =™(h 2 -h 2 ) 


From R134a tables (Table A- 12) 


P x = 180 kPal h x = 242.90 kJ/kg 
x x = 0 v x = 0.1105 m 3 /kg 


* 700 kPa 


Compressor 


W: 


in 


f 


180 kPa 
sat. vap. 
0.35 m 3 /min 


The mass flow rate is 

. Vi (0.35/60) m 3 /s n , , 
m = — = = 0.05283 kg/s 

v l 0 . 1104m 3 /kg 

Substituting for the exit enthalpy, 

W in =tn(h 2 -h x ) 

2.35 kW = (0.05283 kg/s)(/r 2 - 242.90)kJ/kg >h 2 =287.41 kJ/kg 


From Table A- 13, 


P 2 = 700 kPa 

Z, r j l 

h 2 =287.41 kJ/kg J 2 


= 48.9 P C 
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5-46 Steam expands in a turbine. The change in kinetic energy, the power output, and the turbine inlet area are to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
The device is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Tables A-4 through 6) 

P x =4 MPal =0.086442m 3 /kg 
T, = 500°C J h j =3446.0kJ/kg 


and 


P 2 = 30 kPa 
x 2 = 0.92 


\h 2 =h f + x 2 h fg = 289.27 + 0.92x2335. 3 = 2437. 7 kJ/kg 


Analysis (a) The change in kinetic energy is determined from 


A ke = 



(50 m/s) 2 - (80 m/s) 2 
2 


1 kJ/kg 

v 1000m 2 /s 2 y 


= -1.95 kJ/kg 


P { = 4 MPa 
r, = 500°c 
V\ = 80 m/s 



(b) There is only one inlet and one exit, and thus m [ =m 2 =m. We take the turbine as the V 2 = 50 m/s 

system, which is a control volume since mass crosses the boundary. The energy balance for 
this steady-flow system can be expressed in the rate form as 


A - 4ut 

v 

Rate of net energy transfer 
by heat, work, and mass 


a 77 *0 (steady) 

ZAC/ system 

J 

V 

Rate of changein internal, kinetic, 
potential,etc. energies 


= 0 


^in “ ^out 


m(h x + V x / 2) = W out + m(h 2 + V 2 /2) (since Q = Ape = 0) 


W oui =-m 


h 2 - h x + 


To 2 - Ft 2 N 


Then the power output of the turbine is determined by substitution to be 

W out = -(12 kg/s)( 2437.7 - 3446.0- 1.95)kJ/kg = 12, 123 kW = 12.1 MW 
(c) The inlet area of the turbine is determined from the mass flow rate relation, 


m = — A X V { 

1/1 


, A = a2kg/s)(0.Q86442 m 3 /kg) = M130 


V, 


80 m/s 
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5-47 



Problem 5-46 is reconsidered. The effect of the turbine exit pressure on the power output of the turbine as the 


exit pressure varies from 10 kf a to 200 kPa is to be investigated. The power output is to be plotted against the exit pressure. 
Analysis The problem is solved using EES, and the solution is given below. 


"Knowns " 

T[1] = 500 [C] 

P[1] = 4000 [kPa] 

Vel[1] = 80 [m/s] 

P[2] = 30 [kPa] 

X_2=0.92 
Vel[2] = 50 [m/s] 
m_dot[1]=12 [kg/s] 
Fluid$='SteamJAPWS' 

"Property Data" 

h[1]=enthalpy(Fluid$,T=T[1],P=P[1]) 

h[2]=enthalpy(Fluid$,P=P[2],x=x_2) 

T[2]=temperature(Fluid$,P=P[2],x=x_2) 

v[1]=volume(Fluid$,T=T[1],p=P[1]) 

v[2]=volume(Fluid$,P=P[2],x=x_2) 

"Conservation of mass: " 
m_dot[1]= m_dot[2] 

"Mass flow rate" 
m_dot[1]=A[1]*Vel[1]/v[1] 
m dot[2]= A[2]*Vel[2]/v[2] 



"Conservation of Energy - Steady Flow energy balance" 

m_dot[1 ]*(h[1 ]+Vel[1 ] A 2/2*Convert(m A 2/s A 2, kJ/kg)) = m_dot[2]*(h[2]+Vel[2] A 2/2*Convert(m A 2/s A 2, 
kJ/kg))+W_dot_turb*convert(MW,kJ/s) 

DELTAke=Vel[2] A 2/2*Convert(m A 2/s A 2, kJ/kg)-Vel[1] A 2/2*Convert(m A 2/s A 2, kJ/kg) 



p 2 

[kPa] 

w turb 

[ MW ] 

T 2 

[C] 

10 

12.67 

45.81 

31.11 

12.1 

69.93 

52.22 

11.82 

82.4 

73.33 

11.63 

91.16 

94.44 

11.48 

98.02 

115.6 

11.36 

103.7 

136.7 

11.25 

108.6 

157.8 

11.16 

112.9 

178.9 

11.08 

116.7 

200 

11.01 

120.2 
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5-48 Steam expands in a turbine. The mass flow rate of steam for a power output of 5 MW is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Tables A-4 through 6) 


P x = 10 MPa 
7j = 500°C 


\h x = 3375.1 kJ/kg 


P 2 = 10 kPa 
x 2 = 0.90 


\h 2 =h f +x 2 h fg 


1 9 1 . 8 1 + 0. 90 x 2392. 1 = 2344. 7 kJ/kg 


Analysis There is only one inlet and one exit, and thus m x = We take the turbine as 

the system, which is a control volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 


1 



Ein - 4ut 

v 

Rate of net energy transfer 
by heat, work, and mass 


a p *0 (steady) 
ZAiZ/ system 

v. J 

V 

Rate of changein internal, kinetic, 
potential,etc. energies 


= 0 




mh x = W out + mh 2 (since Q = Ake = Ape = 0) 
Kut — —m(h 2 - /?, ) 


Substituting, the required mass flow rate of the steam is determined to be 


5000 kJ/s = -m(2344.7 - 3375. 1) kJ/kg >m = 4.852 kg/s 
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5-49E Steam expands in a turbine. The rate of heat loss from the steam for a power output of 4 MW is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

1 

Properties From the steam tables (Tables A-4E through 6E) 


P x =1000psia 


T x = 900°F 


P 2 = 5 psia 
sat.vapor 


h x = 1448.6 Btu/lbm 


h 2 =1130.7 Btu/lbm 


Analysis There is only one inlet and one exit, and thus ri\ = = m . We take the turbine as 

the system, which is a control volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 


^in £out 


A F 
^^system 


710 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 



^in “ ^out 


mh x = Q out + W out + mh 2 (since Ake = Ape = 0) 

2out =-m( h 2- h \)~Kut 


Substituting, 



f 


-(45000/3600 lbm/s)(l 130.7 - 1448. 6) Btu/lbm- 4000 kJ/s 

v 


1 Btu 
1.055 kJ y 


182.0 Btu/s 
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5-50 Helium is compressed by a compressor. For a mass flow rate of 60 kg/min, the power input required is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Helium is an ideal gas with constant specific heats. 


Properties The constant pressure specific heat of helium is c p = 5.1926 kJ/kg-K (Table A-2a). 


Analysis There is only one inlet and one exit, and thus m x =^=m. We take the 

compressor as the system, which is a control volume since mass crosses the boundary. p 0 = 799 ]^p a 

The energy balance for this steady-flow system can be expressed in the rate form as 77 _ 459 k 


Ein ~ 4ut 

v 

R ate o f n et en erg y tran s fer 
by heat, work, and mass 


a 77 ^0 (steady) 

ZAC/ system 

V J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= 0 




W [n + mh x — Q out + mh 2 (since Ake = Ape = 0) 

W in - Gout = m(h 2 -hi) = me p (T 2 - T x ) 

Thus, 

Win = 2out + ^ C p( r 2 ~T\) 

= (60/6 0 kg/s)(15 kJ/kg) + (60/60 kg/s)(5. 1926 kJ/kg • K)(460 - 295)K 

= 872kW 



P x = 105 kPa 
T x = 295 K 
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5-51 C0 2 is compressed by a compressor. The volume flow rate of C0 2 at the compressor inlet and the power input to the 
compressor are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Helium is an ideal gas with variable specific heats. 4 The device is adiabatic and thus heat transfer is 
negligible. 

Properties The gas constant of C0 2 is R = 0.1889 kPa.nr/kg.K, and its molar mass is M = 44 kg/kmol (Table A-l). The inlet 
and exit enthalpies of C0 2 are (Table A-20) 


T x = 300 K -> h x = 9,431 kJ/kmol 
7 2 =450 K -» h 2 =15,483 kJ/kmol 

Analysis (a) There is only one inlet and one exit, and thus m x = = ra . The inlet 

specific volume of air and its volume flow rate are 

RT X (o. 1889 kPa • m 3 /kg • k)( 300 K) ^ 3 n 

i/, = — = A B — A L = 0.5667 m 7kg 

P x 100 kPa 

0 = mt/j = (0.5 kg/s)(0.5667 m 3 /kg) = 0.283m 3 /s 


2 



( b ) We take the compressor as the system, which is a control volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 


^in ^out 

Vs J 

V 

Rate of net energy transfer 
by heat, work, and mass 


a b 7,0 (steady) 
'^-'system 

V J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


^in -^out 

W [n + mh x = mh 2 (since Q = Ake = Ape = 0) 
W- m = m(h 2 —h x ) = m(h 2 —h x )/M 


Substituting 

w _ (0.5 kg/s)(l5,483- 9,431 kJ/kmol) _ 68 g ^ 
in 44 kg/kmol 
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5-52E Air is compressed by a compressor. The mass flow rate of air through the compressor and the exit temperature of air 
are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Air is an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.3704 psia.ftVlbm.R (Table A- IE). The inlet enthalpy of air is (Table A-17E) 

T { = 60°F = 520 R -» h x = h@ 52 or = 124.27 Btu/lbm 

Analysis ( a ) There is only one inlet and one exit, and thus m x = = *n . The inlet specific volume of air and its mass flow 

rate are 


RT X _ (p.3704 psia ■ 1 3 /lbm- r)(520 r) _ 1 

1 P x 14.7 psia 


ft71bm 


M 5000ft J /min _ ot _ „ . . , , 

m = — = = 381.7 lb m/m in = 6.36 Ibm/s 


i/ 


13.1 ft /lbm 


( b ) We take the compressor as the system, which is a control volume since 
mass crosses the boundary. The energy balance for this steady-flow system 
can be expressed in the rate form as 


^in £out 


A F 
^^system 


710 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

b y h eat, wo rk , an d mas s p o ten ti al ,etc . en erg ies 

^in = ^out 


W [n + mh x = Q out + mh 2 (since Ake = Ape = 0) 
^in-2out =rh(h 2 -h x ) 



Substituting, 

(700 hp 


0.7068 Btu/s 
1 hp 


- (6.36 lbm/s)x (10 Btu/lbm) = (6.36 lbm/sX^ -124.27 Btu/lbm) 
h 2 =192.06 Btu/lbm 


Then the exit temperature is determined from Table A-17E to be 
T 2 = 801 R = 341°F 
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5-53E ““ Problem 5-52E is reconsidered. The effect of the rate of cooling of the compressor on the exit temperature of 
air as the cooling rate varies from 0 to 100 Btu/lbm is to be investigated. The air exit temperature is to be plotted against the 
rate of cooling. 

Analysis The problem is solved using EES, and the solution is given below. 


"Knowns " 

T[1] = 60 [F] 

P[1] = 14.7 [psia] 

V _dot[1] = 5000 [ft A 3/min] 

P[2] = 150 [psia] 

{q_out=10 [Btu/lbm]} 

W dot_in=700 [hp] 

"Property Data" 

h [1 ]=entha I py(Ai r.T=T[ 1 ]) 

h[2]=enthalpy(Air,T=T[2]) 

TR_2=T[2]+460 "[R]" 

v[1]=volume(Air,T=T[1],p=P[1]) 

v[2]=volume(Air,T=T[2],p=P[2]) 

"Conservation of mass: " 
m_dot[1]= m_dot[2] 

"Mass flow rate" 

m_dot[1 ]=V_dot[1 ]/v[1 ] *convert(ft A 3/min,ft A 3/s) 
m_dot[2]= V_dot[2]/v[2]*convert(ft A 3/min,ft A 3/s) 

"Conservation of Energy - Steady Flow energy balance" 

W_dotJn*convert(hp,Btu/s)+m_dot[1]*(h[1]) = m_dot[1]*q_out+m_dot[1]*(h[2]) 


Qout 

t 2 

[Btu/lbml 

[F] 

0 

382 

10 

340.9 

20 

299.7 

30 

258.3 

40 

216.9 

50 

175.4 

60 

133.8 

70 

92.26 

80 

50.67 

90 

9.053 

100 

-32.63 
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5-54 Air is expanded in an adiabatic turbine. The mass flow rate of the air and the power produced are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-insulated, and thus 
there is no heat transfer. 3 Air is an ideal gas with constant specific heats. 

Properties The constant pressure specific heat of air at the average temperature of (500+127)/2=314°C=587 K is c p = 1.048 
kJ/kg-K (Table A-2 b). The gas constant of air is R = 0.287 kPa-m 3 /kg-K (Table A-l). 

Analysis (a) There is only one inlet and one exit, and thus m x = tii 2 = tin. We take the turbine as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate 
form as 


^in ^out 


= A F 

system 


710 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 


m 


hi + 




= m 


Wont = m 


h 2 + 




+w. 


out 


J 


h x - h 2 + 


V x 2 -Vi " 


= m\ 


c p (T l -T 2 ) + 


V, 2 -V 2 ) 


1.3 MPa 
500°C 



The specific volume of air at the inlet and the mass flow rate are 


v i 


RT X 


(0.287 kPa • m 3 /kg • K)(500 + 273 K) 
1300 kPa 


= 0.1707 m 3 /kg 


til = 


v i 


(0.2 m 2 )(40 m/s) 
0.1707 m 3 /kg 


46.88kg/s 


Similarly at the outlet, 


</ 2 = 


y 2 = 


RT 2 (0.287 kPa • m J /kg • K)(127 + 273 K) 


P, 


100 kPa 


= 1.148 m 3 /kg 


tiiv 2 (46.88 kg/s)(l. 148 m 3 /kg) 


A' 


= 53.82 m/s 


lm 


( h ) Substituting into the energy balance equation gives 


Wout = m 


CpiTi -To_) + — 


V, z -V 


2 } 


= (46.88 kg/s) 

= 18,300kW 


(1 .048 kJ/kg • K)(500 - 127)K + 


(40 m/s) 2 -(53.82 m/s) 


1 kJ/kg 


2 ,2 


1000 m7s 
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5-55 Steam expands in a two-stage adiabatic turbine from a specified state to another state. Some steam is extracted at the 
end of the first stage. The power output of the turbine is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change 
with time. 2 Kinetic and potential energy changes are negligible. 3 The 
turbine is adiabatic and thus heat transfer is negligible. 

Properties From the steam tables (Tables A-5 and A-6) 


P x =8 MPa 

r, = 600°c 


\h x = 3642.4 kJ/kg 


P 2 = 0.3 MPa 

x 2 =1 



2724.9 kJ/kg 


P 3 = 10 kPa 1 h 3 = h f + xh fg 

x 2 =0-85 J = 191 .81 + (0.85)(2392. 1) = 2225. 1 kJ/kg 


Analysis We take the entire turbine, including the connection part 
between the two stages, as the system, which is a control volume since 
mass crosses the boundary. Noting that one fluid stream enters the 
turbine and two fluid streams leave, the energy balance for this steady- 
flow system can be expressed in the rate form as 


E in ~ E oay 

V 

Rate of net energy transfer 
by heat, work, and mass 


a F ^0 (steady) 
^^^system 

V / 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= o 




mA =m 2 h 2 + m 3 h 3 +W out 
^out = ”V /! i -0.1/z 2 -0.9 h 3 ) 


Substituting, the power output of the turbine is 

Wont - rh\ (h\ -0.1 h 2 -0.9 h 3 ) 

= (13 kg/s)(3642.4 - 0.1 x 2724.9 - 0.9 x 2225.1) kJ/kg 
= 17,776kW =17.8MW 


8 MPa 
600°C 
13 kg/s 



1.3 kg/s 
sat. vap. 
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5-56 Steam is expanded in a turbine. The power output is given. The rate of heat transfer is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

Properties From the steam tables (Table A-4, A5, A-6) 


P x =6 MPa 
T x = 600°C 


\h x = 3658.8 kJ/kg 


P 2 = 0.5 MPa 
T 2 = 200°C 



= 2855.8 kJ/kg 


Analysis We take the turbine as the system, which is a control volume since mass crosses the boundary. Noting that one fluid 
stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the rate form as 


^in ^out 


= A E 


<p0 (steady) 


system 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 


^in ^out 


m 


h x + 


V, 


2 ^ 


= m 


h 2 + 




2 ^ 


+ W^t + Gout ( since A P e = °) 


Gout = -Wout + rh 


h x ~h 2 + 


Vf - v 2 2 ^ 


26 kg/s 
6 MPa 



Substituting, 


Gout = -W ou , + m 


hi ~h 2 + 


V\ -v 2 ^ 


= 20,000 kW + (26 kg/s) 


(3658.8 -2855.8)kJ/kg + 


(0 -180 m/s)' 


1 kJ/kg 


2 ,2 


1000 m"/s 


= 455kW 
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5-57 Air is compressed by a compressor. The mass flow rate of air through the compressor is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
Air is an ideal gas with variable specific heats. 

Properties The inlet and exit enthalpies of air are (Table A- 17) 


T\ = 25°C = 298 K -> h { = h@ 29 b k = 298.2 kJ/kg 

T 2 = 347°C = 620 K -> h 2 = h@ 620 K = 628.07 kJ/kg 

Analysis We take the compressor as the system, which is a control volume 
since mass crosses the boundary. The energy balance for this steady-flow 
system can be expressed in the rate form as 

E _ E - A E 710 (steady) - 0 

^in ^out ^-^system KJ 

V v ' . V V ' 

Rate of net energy traisfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 


W io +m(h l +Vf / 2) 
-Gout 


Gout + >n(h 2 + V 2 12) (since Ape = 0) 


m 


h 2 


vi-v?' 


2 



Substituting, the mass flow rate is determined to be 


250 kJ/s- (1500/60 kJ/s) 



628.07-298.2 + 


(90 m/s) 2 - 0 

" 1 kJ/kg ) 


2 

(1000 m 2 /s 2 J 



—> m = 0.674 kg/s 


Throttling Valves 


5-58C Because usually there is a large temperature drop associated with the throttling process. 


5-59C No. Because air is an ideal gas and h = h(T) for ideal gases. Thus if h remains constant, so does the temperature. 


5-60C If it remains in the liquid phase, no. But if some of the liquid vaporizes during throttling, then yes. 


5-61C Yes. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



5-42 


5-62 Refrigerant- 134a is throttled by a valve. The temperature drop of the refrigerant and the specific volume after 
expansion are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 

Properties The inlet enthalpy of R-134a is, from the refrigerant tables (Tables A-l 1 through 13), 


P x = 0.7 MPa 1 7] = T sat = 26.69° C 
sat. liquid J h x = hj =88.82 kJ/kg 

Analysis There is only one inlet and one exit, and thus n\ = ^ = m . 

We take the throttling valve as the system, which is a control volume 
since mass crosses the boundary. The energy balance for this steady- 
flow system can be expressed in the rate form as 

&m ~ E out = ^system™ = 0 A = E oul " lh l = ™ h 2 h \ = *2 

since Q = W = Ake = Ape = 0 . Then, 


Pj = 700 kPa 
Sat. liquid 

X 

(X)H R-134a 

1 

X 

P 2 = 160 kPa 


P 2 =160kPa| h f =31. 18 kJ/kg, r sat =-15.60°C 
(h 2 = h , ) ]h g =241. 14 kJ/kg 


Obviously hf<h 2 <h g , thus the refrigerant exists as a saturated mixture at the exit state and thus T 2 = T sat = -15.60°C. Then 
the temperature drop becomes 

AT = T 2 -T { =-15.60- 26.69 = -42.3°C 

The quality at this state is determined from 

>^ = 88.82-31.l 8 = 02745 

h fg 209.96 

Thus, 

v 2 =v f +X 2 v fg =0.0007435 + 0.2745 X (0.12355 - 0.0007435) = 0.0345 m 3 /kg 
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5-63 Steam is throttled from a specified pressure to a specified state. The quality at the inlet is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 

Analysis There is only one inlet and one exit, and thus m x = m 2 =ih- We take the throttling valve as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate 
form as 


f -f - A f 7,0 ( stead y) _ n 

^in ^out lAL ' system u 


-^in — ^out 


mh x = mh 2 
h x = h 2 


Throttling valve 

Steam 50 kPa 

1.5 MPa V/V 100°C 


since Q = W = Ake = Ape = 0 . 

The enthalpy of steam at the exit is (Table A-6), 


P 2 = 50 kPa 
T 2 =100°C 


h 2 = 2682.4 kJ/kg 


The quality of the steam at the inlet is (Table A-5) 


P x =1500kPa 
h x =h 2 =2682.4 kJ/kg 


xi = 


h 2 ~h f 


h 


fg 


2682.4-844.55 

1946.4 


0.944 
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5-64 



Refrigerant- 134a is throttled by a valve. The pressure and internal energy after expansion are to be 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 


Properties The inlet enthalpy of R-134a is, from the refrigerant tables (Tables A-l 1 through 13), 


determined, 
changes are 


P x =0.8 MPa 
T { = 25°C 


-^=Wc =86 - 41kJ/k S 


Analysis There is only one inlet and one exit, and thus m x = = m . We take the throttling valve as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate 
form as 


77 _ Z7 _ a/ 7 ^ (steady) _ ^ 

^in ^out — LXCj system — u 

^in “ ^out 

mh x — mh 2 
hi = h 2 

since Q = W = Ake = Ape = 0 . Then, 


Pj = 0.8 MPa 
T x = 25°C 

X 


6<H R-134a 


T 2 = -20°C 

(' h 2 = h l ) 


h f = 25.47 kJ/kg, u f = 25.37 kJ/kg 
h g = 238.43 kJ/kg u g =218.86 kJ/kg 


\ 

OJ 

T 2 = -20°C 


Obviously hf < h 2 <h g , thus the refrigerant exists as a saturated mixture at the exit state, and thus 
P 2 = P$dt @ - 2 o°c = 132.82 kPa 


Also, 


h 2- h f 86.41-25.47 n 

Xo = = = 0.2862 


h 


fg 


212.96 


Thus, 


u 2 = Uj ■ + x 2 u fs = 25.37 + 0.2862 x 193.49 = 80.7 kJ/kg 


fg 
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5-65 Steam is throttled by a well-insulated valve. The temperature drop of the steam after the expansion is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 


Properties The inlet enthalpy of steam is (Tables A-6), 


P x = 8 MPa 
T x =350°C 


\h x = 2988.1 kJ/kg 


Analysis There is only one inlet and one exit, and thus ri\ = = m . We take the 

throttling valve as the system, which is a control volume since mass crosses the 
boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 

p -P - a p 710 ( stead y) _ n 

^in ^out system u 

^in = ^out 

mh x = mh 2 
h x =h 2 


P x = 8 MPa 
Ti = 350°C 
X3 

I 

(xH h 2 o 

I 

X 

P 2 = 2 MPa 


since Q = W = Ake = Ape = 0 . Then the exit temperature of steam becomes 


P 2 = 2 MPa 
(h 2 =h { ) 



= 285°C 
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5-66 Problem 5-65 is reconsidered. The effect of the exit pressure of steam on the exit temperature after throttling as 

the exit pressure varies from 6 MPa to 1 MPa is to be investigated. The exit temperature of steam is to be plotted against the 
exit pressure. 

Analysis The problem is solved using EES, and the solution is given below. 


WorkingFluid$='Steam_iapws' "WorkingFluid can be changed to ammonia or other fluids" 
P_in=8000 [kPa] 

T_in=350 [C] 

P_out=2000 [kPa] 

"Analysis" 

m_dotJn=m_dot_out "steady-state mass balance" 
m_dot_in=1 "mass flow rate is arbitrary" 

m_dotJn*hJn+Q_dot-W_dot-m_dot_out*h_out=0 "steady-state energy balance" 

Q_dot=0 "assume the throttle to operate adiabatically" 

W_dot=0 "throttles do not have any means of producing power" 
h_in=enthalpy(WorkingFluid$,T=TJn,P=PJn) "property table lookup" 
T_out=temperature(WorkingFluid$,P=P_out,h=h_out) "property table lookup" 
x_out=quality(WorkingFluid$,P=P_out,h=h_out) "x_out is the quality at the outlet" 
P[1]=P_in; P[2]=P_out; h[1]=h_in; h[2]=h_out "use arrays to place points on property plot" 


Pout 

[kPa] 

T out 

[C] 

1000 

270.5 

1500 

277.7 

2000 

284.6 

2500 

291.2 

3000 

297.6 

3500 

303.7 

4000 

309.5 

4500 

315.2 

5000 

320.7 

5500 

325.9 

6000 

331 



1000 2000 3000 4000 5000 6000 

Pout [kPa] 
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5-67E Refrigerant- 1 34a is throttled by a valve. The temperature and internal energy change are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 

Analysis There is only one inlet and one exit, and thus n\ - = m . We take the throttling valve as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate 
form as 


^in ^out ^^system 
E- m = ^out 


710 (steady) _ 


= 0 


mh x = mh 2 
hi = h 2 



since Q=W= Ake = Ape = 0 . The properties are (Tables A-l IE through 13E), 


P x = 120psia 
x x = 0 


h\ 

u x 

T\ 


= 41.79 Btu/lbm 
= 41.49 Btu/lbm 

= 90.49°F 


2 


P 2 = 20 psia T 2 = -2.43°F 

h 2 = h x =41.79 Btu/lbm u 2 =38.96 Btu/lbm 

AT = T 2 - T x = -2.43 - 90.49 = -92.9T 

A u=u 2 -u x =38.96 -41.49 = -2.53 Btu/lbm 

That is, the temperature drops by 92.9°F and internal energy drops by 2.53 Btu/lbm. 


Mixing Chambers and Heat Exchangers 

5-68C Under the conditions of no heat and work interactions between the mixing chamber and the surrounding medium. 


5-69C Under the conditions of no heat and work interactions between the heat exchanger and the surrounding medium. 


5-70C Yes, if the mixing chamber is losing heat to the surrounding medium. 
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5-71 Liquid water is heated in a chamber by mixing it with superheated steam. For a specified mixing temperature, the mass 
flow rate of the steam is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 

Properties Noting that T < r sat @ 300 kPa = 133.52°C, the cold water stream and the mixture exist as a compressed liquid, 
which can be approximated as a saturated liquid at the given temperature. Thus, from steam tables (Tables A-4 through A- 
6 ) 

h\ = hf@ 2o°c = 83.91 kJ/kg 
h 3 = hf @ 6o°c = 251.18 kJ/kg 
and 


P 2 = 300 kPa 
T 2 = 300°C 


h 2 = 3069.6 kJ/kg 


Analysis We take the mixing chamber as the system, which is a control volume since mass crosses the boundary. The mass 
and energy balances for this steady-flow system can be expressed in the rate form as 


Mass balance: 
Energy balance: 


"'in - "'out = ^system 71 ” = 0 "'in = "'out " J l + ™l = "'3 


^in ^out 


A F 

ZA ^system 


<^0 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

m x h x + m 2 h 2 = m 3 h 3 (since Q = W = Ake = Ape = 0) 
Combining the two, 

mj\ + m 2 h 2 = (m, + )h 3 

Solving for • 

/r, — lv> . 
m 2=~ — r~ m \ 


h i ~ h : 


Substituting, 


(83.91- 251. 18)kJ/kg /x M , 

m 2 = —(1.8 kg/s) = 0.107 kg/s 

(25 1.18- 3069. 6)kJ/kg 


T\ = 20°C 
m\ = 1.8 kg/s 



> 


T 2 = 300°C 

m 2 


H 2 0 

(P = 300 kPa) 
T 3 = 60°C 
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5-72 Feedwater is heated in a chamber by mixing it with superheated steam. If the mixture is saturated liquid, the ratio of the 
mass flow rates of the feedwater and the superheated vapor is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 

Properties Noting that T < T sat @ i MPa = 179.88°C, the cold water stream and the mixture exist as a compressed liquid, which 
can be approximated as a saturated liquid at the given temperature. Thus, from steam tables (Tables A-4 through A-6) 

h\ = hf@ 5o°c = 209.34 kJ /kg 

h 2 = hf @ i MPa = 7 62.5 1 kJ/kg 

and 


P 2 

t 2 


= IMPa 
= 200°C 


>h 2 =2828. 3 kJ/kg 


Analysis We take the mixing chamber as the system, which is a control volume since mass crosses the boundary. The mass 
and energy balances for this steady-flow system can be expressed in the rate form as 

Mass balance: rn m - m out = Am (s,eady, = 0 -> m in = m out -> m, + m 2 = m 3 


Energy balance: 


E in ~ E oul 


a 77 <p 0 (steady) _ n 

^^system “ u 


Rate of net energy traisfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

-^in “ ^out 

m x h x + m 2 ^2 = 7 ^ 3^3 (since Q =W = Ake = Ape = 0) 


Combining the two, 

m x h x + m 2^2 = + m 2 )/? 3 

Dividing by yields 

yhi +h 2 =(y + \)h 3 
Solving for y : 


y = 


h 3 h 2 


h x - h 3 

where y — n\! is the desired mass flow rate ratio. Substituting, 
762.51-2828.3 


y = 


209.34-762.51 


= 3.73 


T\ = 50°C 
m | 


H 2 0 

(P = 1 MPa) 
Sat. liquid 


T 2 = 200°C 

m 2 
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5-73E Liquid water is heated in a chamber by mixing it with saturated water vapor. If both streams enter at the same rate, the 
temperature and quality (if saturated) of the exit stream is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 

Properties From steam tables (Tables A-5E through A-6E), 

hi = hf@ 65 °f = 33.08 Btu/lbm 

h 2 = h g @ 20 p S ia = 1156.2 Btu/lbm 

Analysis We take the mixing chamber as the system, which is a control volume since mass crosses the boundary. The mass 
and energy balances for this steady-flow system can be expressed in the rate form as 

Mass balance: 


lh -ih = Am *0 (steady) = q 

m in m out system u 


m in = m out 

m l + m 2 = m 3 = 2m 


m x — m 2 = m 


Energy balance: 


^in ^out 


A F 

'-^system 


<P0 (steady) 


= 0 


Ti = 65 °F 


Sat. vapor 
m 2 = in i 


Rate of net energy traisfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

K = K ut 

m x h x + m 2 h 2 = m 3 h 3 (since Q = W = Ake = Ape = 0) 

Combining the two gives 

mh x + mh 2 = 2 mh 3 or h 2 = {h x + h 2 )/ 2 



Substituting, 

h 3 = (33.08 + 1156.2)72 = 594.6 Btu/lbm 

At 20 psia, hf= 196.27 Btu/lbm and h g = 1 156.2 Btu/lbm. Thus the exit stream is a saturated mixture since h f < h 3 < h g . 
Therefore, 


and 


T 3 - r sat @ 20 psia - 228°F 


x 3 = 


h 2 — hj 


h 


fg 


594.6 - 196.27 
1156.2-196.27 


0.415 
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5-74 Two streams of refrigerant- 134a are mixed in a chamber. If the cold stream enters at twice the rate of the hot stream, 
the temperature and quality (if saturated) of the exit stream are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 

Properties From R-134a tables (Tables A-l 1 through A- 13), 

h\ = hf@ 2 o°c = 79.32 kJ/kg 

hi = h @ i MPa, 8o°c = 314.27 kJ/kg 

Analysis We take the mixing chamber as the system, which is a control volume since mass crosses the boundary. The mass 
and energy balances for this steady-flow system can be expressed in the rate form as 

Mass balance: 


m- —m =A m 710 (steady) Q 

rn \n m out ^""system u 

™in = ™out 

m x + m 2 = m 3 = 3 m 2 since m 1 = 2 m 2 
Energy balance: 


^in ^out 


a 77 ^0 (steady) _ n 

ZAiZ/ system “ u 


Rate of net energy trarsfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-^in “ ^out 


m x h x + m 2 h 2 = m 3 h 3 (since Q = W = Ake = Ape = 0) 


T 2 = 80 



Combining the two gives 

2rh 2 h x + rh 2 h 2 = 3m 2 h 3 or h 3 = ( 2h x + h 2 )/ 3 


Substituting, 

h 3 = (2x79.32 + 314.27)/3 = 157.64 kJ/kg 

At 1 MPa, hf= 107.34 kJ/kg and h g = 271.04 kJ/kg. Thus the exit stream is a saturated mixture since h f <h 3 < h g . 
Therefore, 

T 3 = T sat @ i MPa = 39.37°C 
and 

'57.64 -107.34 
h fg 271.04-107.34 
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5-75 Problem 5-74 is reconsidered. The effect of the mass flow rate of the cold stream of R-134a on the temperature 

and the quality of the exit stream as the ratio of the mass flow rate of the cold stream to that of the hot stream varies from 1 
to 4 is to be investigated. The mixture temperature and quality are to be plotted against the cold-to-hot mass flow rate ratio. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

mfrac = 2 "mfrac =m_dot_cold/m_dot_hot= mdotl /mdot2" 

T[1]=20 [C] 

P[1]=1000 [kPa] 

T[2]=80 [C] 

P[2]=1000 [kPa] 
mdotl =m _frac*m_dot_2 
P[3]=1000 [kPa] 
m_dot_1=1 

"Conservation of mass for the R134a: Sum of m_dot_in=m_dot_out" 
mdot1+ m_dot_2 =m_dot_3 

"Conservation of Energy for steady-flow: neglect changes in KE and PE" 
"We assume no heat transfer and no work occur across the control surface." 
E_dot_in - E_dot_out = DELTAE_dot_cv 
DELTAE_dot_cv=0 "Steady-flow requirement" 

Edotin=mdot1*h[1] + m_dot_2*h[2] 

E_dot_out=m_dot_3*h[3] 

"Property data are given by:" 

h[1] =enthalpy(R134a,T=T[1],P=P[1]) 
h[2] =enthalpy(R134a,T=T[2],P=P[2]) 

T[3] =temperature(R134a,P=P[3],h=h[3]) 
x_3=QUALITY(R134a,h=h[3],P=P[3]) 


^frac 

t 3 

[Cl 

X 3 

i 

39.37 

0.5467 

1.25 

39.37 

0.467 

1.5 

39.37 

0.4032 

1.75 

39.37 

0.351 

2 

39.37 

0.3075 

2.25 

39.37 

0.2707 

2.5 

39.37 

0.2392 

2.75 

39.37 

0.2119 

3 

39.37 

0.188 

3.25 

39.37 

0.1668 

3.5 

39.37 

0.1481 

3.75 

39.37 

0.1313 

4 

39.37 

0.1162 
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5-76 Water is heated in a heat exchanger by geothermal water. The rate of heat transfer to the water and the exit temperature 
of the geothermal water is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 

Properties The specific heats of water and geothermal fluid are given to be 4.18 and 4.31 kJ/kg.°C, respectively. 


Analysis We take the cold water tubes as the system, which is a control volume. The 
energy balance for this steady-flow system can be expressed in the rate form as 


^in ^out 


AE, 


710 (steady) 


system 


= 0 


Rateof net energy transfer Rateof changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

Q m + mh x = mh 2 (since Ake = Ape = 0) 

2m =mc p (T 2 -T x ) 

Then the rate of heat transfer to the cold water in the heat 
exchanger becomes 


Brine 

140°C 


z 


t 


Water 

25°C 


2 = [mc p (T out -T in )] w . dier = (0.2 kg/ s)(4. 1 8 kJ/kg. o C)(60°C - 25°C) = 29.26RW 


60°C 


t 

n 


3 


Noting that heat transfer to the cold water is equal to the heat loss from the geothermal water, the outlet temperature of the 
geothermal water is determined from 


2 [mC/ ? ( 7j n -^out)]geot. water" 


->r =T 

out in 


2 


= 140°C 


29.26 kW 


me 


p 


(0.3 kg/ s)(4. 3 1 kJ/kg.°C) 


= 117.4°C 
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5-77E Steam is condensed by cooling water in a condenser. The rate of heat transfer in the heat exchanger and the rate of 
condensation of steam are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heat of water is 1.0 Btu/lbm.°F (Table A-3E). The 
enthalpy of vaporization of water at 75°F is 1050.9 Btu/lbm (Table A-4E). 

Analysis We take the tube-side of the heat exchanger where cold water is 
flowing as the system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 

F - F - A F 7,0 (steady) _ q 

^in -^out ZA ^system u 

' v ' V V ' 

Rate of net energy transfer Rateof changein intemal,kinetic, 
by heat, work, and mass potential, etc .energies 

^in = ^out 

Q in + mh x - mh^ (since Ake = Ape = 0) 

Gin =™c p (T 2 -T { ) 

Then the rate of heat transfer to the cold water in this heat exchanger becomes 


i 

n 


Steam 

75°F 


(i 

<£ 

(£ 

<£ 

<£ 


2 ) 

2 ) 

2 ) 

2 ) 


75°F 


u 

i 


65°F 


50°F 


Water 


Q = [thcp (T out - T in )] water = (45 lbm/s)(l .0Btu/lbm.°F)(65°F - 50°F) = 675 Btu/S 


Noting that heat gain by the water is equal to the heat loss by the condensing steam, the rate of condensation of the steam in 
the heat exchanger is determined from 


Q = (mh fg ) steam 


> m 


steam 



675 Btu/s 
1050.9 Btu/lbm 


0.642lbm/s 
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5-78 Oil is to be cooled by water in a thin-walled heat exchanger. The rate of heat transfer in the heat exchanger and the exit 
temperature of water is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of water and oil are given to be 4.18 
and 2.20 kJ/kg.°C, respectively. 

Analysis We take the oil tubes as the system, which is a control 
volume. The energy balance for this steady-flow system can be 
expressed in the rate form as 


^in ^out 


A F 

'-^system 


710 (steady) 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 

mh x = Q out + mh^ (since Ake = Ape = 0) 

Qoul = ™ C p( T \- T 2) 

Then the rate of heat transfer from the oil becomes 


Cold 
water 1 
22°C 
1.5 kg/s 


Hot oil 
150°C 
2 kg/s 


40°C 


Q = [rhc p (Jl n -T out )] oil = (2 kg/ s)(2. 2 kJ/kg. o C)(150°C - 40°C) = 484kW 
Noting that the heat lost by the oil is gained by the water, the outlet temperature of the water is determined from 


Q = [mc p (T oul - T m )] watcr 


T = T + 

out 1 in ^ 


= 22°C + 


484 kJ/s 


= 99. 2° C 


<ateAT (1 .5 kg/s)(4. 18 kJ/kg.°C) 
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5-79 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer and the outlet 
temperature of the air are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 

Properties The specific heats of air and combustion gases are given to be 1.005 and 1.10 kJ/kg.°C, respectively. 

Analysis We take the exhaust pipes as the system, which is a control volume. The energy balance for this steady -flow system 
can be expressed in the rate form as 


77 _ 77 _ a 77 ^0 (steady) _ /-» 77 _ 77 

^in ^out ZAi: 'system u ^ ^in ^out 

^ v ' . v V ' 

Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

mh x = Q ou t + ,72 ^2 ( s i nce Ake = Ape = 0) 

Q ( na = mc p(T\ ~ T l) 

Then the rate of heat transfer from the exhaust gases becomes 

Q = [mc p (T m -r out )] gas 

= (0.95 kg/s)(l . 1 kJ/kg. o C)(160°C - 95°C) 

= 67.93kW 

The mass flow rate of air is 

. P</ (95 kPa)(0.6 m 3 /s) n ^ D1 , 

m = = = 0.6778 kg/s 

RT (0.287 kPa.m 3 /kg.K)x 293 K 



Noting that heat loss by the exhaust gases is equal to the heat gain by the air, the outlet temperature of the air becomes 

Q 67.93 kW 


Q = mc p (T cout -T cin ) 


-> T =T + 

c,out c,in 


= 20°C + 


me 


p 


(0.6778 kg/ s)( 1.005 kJ/kg.°C) 


= 120°C 
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5-80E Air is heated in a steam heating system. For specified flow rates, the volume flow rate of air at the inlet is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the device to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 5 Air is an ideal gas with constant specific heats at 
room temperature. 

Properties The gas constant of air is 0.3704 psia.ft/lbm.R (Table A-1E). The constant pressure specific heat of air is c p = 
0.240 Btu/lbm* °F (Table A-2E). The enthalpies of steam at the inlet and the exit states are (Tables A-4E through A-6E) 


P 3 = 30 psia 
T 3 = 400°F 


>h 3 = 1237.9 Btu/lbm 


P 4 = 25 psia 
T 4 = 212°F 


h — h 

4 - / @212°F 


180.21 Btu/lbm 


Analysis We take the entire heat exchanger as the system, which is a control volume. The mass and energy balances for this 
steady-flow system can be expressed in the rate form as 


Mass balance ( for each fluid stream ): 


m m - m out 


= Am (steady) = 0 

^"system u 


m in = m out 


Steam 


m x = m 2 = m a and m 3 = m 4 = m s 
Energy balance (for the entire heat exchanger): 

710 (steady) _ q 


^in ^out 


A F 

^^system 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

m x h x + m 3 h 3 = m 2 h 2 + m 4 h 4 (since Q = W = Ake = Ape = 0) 
Combining the two, m a ( h 2 —h x )= rh s (h 3 — h 4 ) 

Solving for m a : 


^ _ h 3 - h 4 . 
h-h x 


m a = 


m s = 


/?3 —h L 


hi-Tj 


m. 


c 


Substituting, 


m a = 


(1237.9 -180.21)Btu/lbm 
(0.240 Btu/lbm- °F)(130 - 80)°F 


AIR 
1 


JA 

- e» 


f 


3^ 

4 


(15 lbm/min) = 1322 lbm/min= 22.04 lbm/s 


Also, 


RT, (0.3704 psia • ft 3 /lbm-R)(540R) nu 

(/, = — - = = 13.61 ft /lbm 

P i 14.7 psia 


Then the volume flow rate of air at the inlet becomes 

=m a </ 1 =(22.041bm/s)(13.61ft 3 /lbm) = 300ft 3 /S 
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5-81 Refrigerant- 1 34a is to be cooled by air in the condenser. For a specified volume flow rate of air, the mass flow rate of 
the refrigerant is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the device to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 5 Air is an ideal gas with constant specific heats at 
room temperature. 

Properties The gas constant of air is 0.287 kPa.m Vkg.K (Table A-l). The constant pressure specific heat of air is c p = 1.005 
kJ/kg °C (Table A-2). The enthalpies of the R-134a at the inlet and the exit states are (Tables A-l 1 through A- 13) 


P 3 = 1 MPa 
T 3 =90°C 



324.66 kJ/kg 


P 4 = 1 MPa 
T 4 = 30°C 


\ h 4 = h f@3 o°c -93.58 kJ/kg 


Analysis The inlet specific volume and the mass flow rate of air are 


(/< = 


_«7,- (0^ S 7kP,. m J /k g .K)300K) =ft86 | m 3 /ki; 


P 


and 


100 kPa 


. 600 m 3 /min . 

m = — = = 696.9 kg/min 

0.861 m 3 /kg 


AIR 



We take the entire heat exchanger as the system, which is a control volume. The mass and energy balances for this steady - 
flow system can be expressed in the rate form as 

Mass balance ( for each fluid stream ): 

"'in - "'out = ^system™ "'in = "W^ "'l = "'2 = "' fl 30(1 "% = "'4 = "'r 


Energy balance (for the entire heat exchanger): 


^in ^out 


*r ^0 (steady) _ n 
'^-'system — u 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

K = 4 ut 

m x l\ + m 3 h 3 = m 2 h 2 + m 4 h 4 (since Q = W = Ake = Ape = 0) 
Combining the two, 

th a {h 2 -h l ) = m R (h 3 -h 4 ) 

Solving for m R : 

_ C P ( T 2 _7 i) • 


m R = 


h 3 - h 4 


m a = 


h 3 - h 4 


m. 


Substituting, 


. (1.005 kJ/kg • °C)(60 - 27)°C , 1AAA1 , . 

m R = (696.9 kg/min) = 100.0 ku/min 

(324.66-93.58) kJ/kg 
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5-82E Refrigerant- 1 34a is vaporized by air in the evaporator of an air-conditioner. For specified flow rates, the exit 
temperature of the air and the rate of heat transfer from the air are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the device to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 5 Air is an ideal gas with constant specific heats at 
room temperature. 


Properties The gas constant of air is 0.3704 psia.ft /lbm.R (Table A-1E). The constant pressure specific heat of air is c p = 
0.240 Btu/lbm °F (Table A-2E). The enthalpies of the R-134a at the inlet and the exit states are (Tables A-11E through A- 
13E) 


P 3 = 20 psia 
x 3 =0.3 

P A = 20 psia 
sat.vapor 


\h 3 =h f + x 3 h fg =11.436 + 0.3x91.302 = 38.83 Btu/lbm 


>h A = h g@20 psia =102.74 Btu/lbm 


Analysis ( a ) The inlet specific volume and the mass flow rate of air are 

*,-S± = (o. 3704 psia It 3 /lbm - R^550 R ) , „ g6 , !/lbm 
P x 14.7 psia 

and 

200 ft 3 /min 


m = 


^ 13.86ft 3 /lbm 


= 14.43 lbm/min 


AIR 



We take the entire heat exchanger as the system, which is a control volume. The mass and energy balances for this steady- 
flow system can be expressed in the rate form as 

Mass balance ( for each fluid stream ): 

"'in - "'out = ^''system™ <Steady ’ = "'in = "'out^ "'l = "'2 = "'o 311(1 "% = "'4 = "'« 


Energy balance (for the entire heat exchanger): 


TP _ zp — \TP ^*0 (steady) _ /-s 

^in ^out ZAiZ 'system w 

Rate of net energy tnnsfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

K = +u, 

m x h x + m 3 h 3 = rn 2 h 2 + ^4^4 (since Q = W = Ake = Ape = 0) 


Combining the two, 

m R (h 3 -h 4 ) = m a ( h 2 ~h t ) = m a c p ( t 2 - T { ) 

. . ^ mAh'*— H a) 

Solving for : T 2 =T X + — 

m a C p 

o, • • ^ ftnor (41bm/minX38.83-102.74)Btu/lbm 

Substituting, T 0 = 90 F + ^ -t y- = 16.2°F 

(14.43 Btu/min)(0.24 Btu/lbm° F ) 

( b ) The rate of heat transfer from the air to the refrigerant is determined from the steady -flow energy balance applied to the 
air only. It yields 

- Qair,out = ™a (■ h 2 ~ h \ ) = K c p ( T 2 ~ T \ ) 

Q air , out = -(14.43 lbm/min)(0.24 Btu/lbm 0 F)(16.2-90)°F 

= 255.6 Btu/min 
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5-83 Two streams of cold and warm air are mixed in a chamber. If the ratio of hot to cold air is 1.6, the mixture temperature 
and the rate of heat gain of the room are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Properties The gas constant of air is R = 0.287 
kPa.m 7kg. K. The enthalpies of air are obtained 
from air table (Table A- 17) as 

h\ =h@ 280 k = 280.13 kJ/kg 

h 2 — h @ 307 k = 307.23 kJ/kg 

^room = h @ 297 K = 297 . 1 8 kJ/kg 

Analysis (a) We take the mixing chamber as the 
system, which is a control volume since mass 
crosses the boundary. The mass and energy 
balances for this steady-flow system can be 
expressed in the rate form as 

Mass balance: 



24 °C 


m in - m out = A^system 710 (steddy) = 0— » m in = m out —>m x +1.6 ri\ = m 3 = 2.6 m x since m 2 = 1.6 ih x 


Energy balance: 


Ape = 0) 

= (/;, +1.6/j 2 )/2.6 

Substituting, 

h 3 = (280.13 + 1.6 x 307.23)/2.6 = 296.81 kJ/kg 
From air table at this enthalpy, the mixture temperature is 
^3 = T @ h = 296.81 kJ/kg = 296.6 K = 23.6°C 
( b ) The mass flow rates are determined as follows 


J7 — J7 — A 77 ^ (steady) _ ^ 

^in ^out — ZA£ 'system — u 

^ v / . V v J 

Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-^in “ ^out 

m x h x + m 2 h 2 = m 3 h 3 (since Q = W = Ake = 

Combining the two gives m x h x + l.6m x h 2 =2.6 m x h 3 or h 3 


RT\ (0.287 kPa-m 3 /kg-K)(7 + 273 K) n ^ C/1 3 

t/, = = = 0.7654 m /kg 

P 105 kPa 


l/, 


0.55m /s 


= 


V\ 0.7654 mVkg 


= 0.7186 kg/s 


m 3 = 2.6m x = 2.6(0.7186 kg/s) = 1.868 kg/s 


The rate of heat gain of the room is determined from 

Ggain = ^3 (^room ~^) = (1.868 kg/s)(297. 18 - 296.81) kJ/kg = 0.691 kW 
Therefore, the room gains heat at a rate of 0.691 kW. 
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5-84 A heat exchanger that is not insulated is used to produce steam from the heat given up by the exhaust gases of an 
internal combustion engine. The temperature of exhaust gases at the heat exchanger exit and the rate of heat transfer to the 
water are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Exhaust gases are assumed to have air properties with constant specific heats. 

Properties The constant pressure specific heat of the exhaust gases is taken to be c p = 1.045 kJ/kg*°C (Table A-2). The inlet 
and exit enthalpies of water are (Tables A-4 and A-5) 


T =15°C 

1 w,in 1 ^ ^ 

x = 0(sat. liq.) 
P WiOUt =2MPa 
x-\ (sat. vap.) 


/ Vin = 62.98 kJ/kg 


/ Vout = 2798.3 kJ/kg 


Analysis We take the entire heat exchanger as the system, which 
is a control volume. The mass and energy balances for this 
steady-flow system can be expressed in the rate form as 

Mass balance (for each fluid stream ): 


Exh. gas 
400°C 


2 MPa 
sat. vap. 



W,n - »W = AwI S y St cm 


710 (steady) _ 


= 0 


-> m in = m out 


Energy balance (for the entire heat exchanger): 

T7 — T? — \T7 ^ (steady) _ /-v 

^in -^out — ^-^system — u 

^ V ' ' V ' 

Rate of net energy traisfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

K = 

'«exAxhin + <Av,,n = '”exAxh,out + Vout + Gout ( sinCe W = Ak ° = ApC S 0) 

()l / ^cxh < -"//f :xh jn + ^w^w,in — ^^cxf/'/Gcxh.oul ~ Wl w h w,out ^out 


Noting that the mass flow rate of exhaust gases is 15 times that of the water, substituting gives 
15m w (1.045 kJ/kg.°C)(400°C) + m w (62.98 kJ/kg) 

= 15m w (l .045 kJ/kg.°C)r exhput +<(2798.3 kJ/kg) + Q out (1) 

The heat given up by the exhaust gases and heat picked up by the water are 

Qexh =m exh c p (T exhin -T exhput ) = 157« w ( 1.045kJ/kg. o C)(400-r exhout )°C (2) 


Qw = ( /? w.out - K.in ) = (2798.3 - 62.98)kJ/kg (3) 

The heat loss is 

Qout — /heat \ossQexh — ^*1 Qexh 

The solution may be obtained by a trial-error approach. Or, solving the above equations simultaneously using EES software, 
we obtain 

^exh.out =206.1°C, Q w =97.26kW, m w =0.03556 kg/s, m exh =0.5333 kg/s 
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5-85 Refrigerant-22 is evaporated in an evaporator by air. The rate of heat transfer from the air and the temperature change 
of air are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions between the evaporator and the surroundings. 

Analysis We take the condenser as the system, which is a control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


^in ^out 

V 

Rate of net energy traisfer 
by heat, work, and mass 


a p ^0 (steady) 
system 

V / 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


^in — ^out 

m R h x + m a h 3 = m R h 2 + m a h 4 
m R {h 2 -h l ) = m a (h 3 -h 4 ) = m a c p AT a 


If we take the refrigerant as the system, the energy 
balance can be written as 


Air, m w 


4 





3 

Evaporator 

1 





Refrigerant, m R 



v 

R ate o f n et en erg y trm s fer 
by heat, work, and mass 


A E 


system 


71Q (steady) 


V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= o 


E in = E out 

™R h 1 + Gin = ™R h 2 

Gin =m R (h 2 -h t ) 


(a) The mass flow rate of the refrigerant is 

. Vi (2.65/ 3600) m 3 /s nnonini , 
m R = — = = 0.02910 kg/s 

^ 0.0253 m 3 /kg 

The rate of heat absorbed from the air is 

Q in = m R (h 2 -h { ) = (0.02910 kg/s)(398.0 - 220.2)kJ/kg = 5.1 7kW 

(b) The temperature change of air can be determined from an energy balance on the evaporator: 

Ql = m R ( h i -h 2 ) = m a c p (T al - T al ) 

5. 17 kW = (0.75 kg/s)(l .005 kJ/kg • °C)Ar a 
A T a =6.9°C 

The specific heat of air is taken as 1.005 kJ/kg-°C (Table A-2). 
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5-86 Steam is condensed by cooling water in the condenser of a power plant. The rate of condensation of steam is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 

Properties The heat of vaporization of water at 50°C is h fg = 2382.0 kJ/kg and specific heat of cold water is c p = 4.18 
kJ/kg.°C (Tables A-3 and A-4). 


Analysis We take the cold water tubes as the system, which is a 
control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


^in ^out 

s. J 

V 

R ate o f n et en erg y tan s fer 
by heat, work, and mass 


A E 0 


710 (steady) 


system 


= 0 


Rate of changein internal, kinetic, 
potential, etc. energies 


^in _ ^out 

<2 in + mh x = mh 2 (since Ake = Ape = 0) 

Gin =mc p (T 1 -T l ) 

Then the heat transfer rate to the cooling water in the condenser becomes 
Q — [ m S( r out- r in)]coolingwater 

= (101 kg/s)(4.18kJ/kg. 0 C)(27°C -18°C) 

= 3800 kJ/s 

The rate of condensation of steam is determined to be 


Q = (rilhfg ) steam 


steam 


Q _ 3800 kJ/s 
h fg “ 2382.0 kJ/kg 


= 1.60 kg/s 


i 


Steam 

50°C 


(£ 


(S 


(c 


(£ 

(£ 


2) 

2) 

D 

2) 


50°C 


u 

i 


27°C 


18°C 


Water 
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5-87 ““ Problem 5-86 is reconsidered. The effect of the inlet temperature of cooling water on the rate of condensation of 
steam as the inlet temperature varies from 10°C to 20°C at constant exit temperature is to be investigated. The rate of 
condensation of steam is to be plotted against the inlet temperature of the cooling water. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

T_s[1]=50 [C] 

T_s[2]=50 [C] 
m_dot_water=101 [kg/s] 

T_water[1]=18 [C] 

T_water[2]=27 [C] 

C_P_water = 4.20 [kJ/kg-°C] 

"Conservation of mass for the steam: m_dot_s_in=m_dot_s_out=m_dot_s" 

"Conservation of mass for the water: m dot water in=lm dot water out=m dot water" 
"Conservation of Energy for steady-flow: neglect changes in KE and PE" 

"We assume no heat transfer and no work occur across the control surface." 

E_dot_in - E_dot_out = DELTAE_dot_cv 
DELTAE_dot_cv=0 "Steady-flow requirement" 

E_dot_in=m_dot_s*h_s[1] + m_dot_water*h_water[1] 

Edotout=mdots*hs[2] + m_dot_water*h_water[2] 

"Property data are given by:" 

h_s[1] =enthalpy(steam_iapws,T=T_s[1],x=1) "steam data" 
h_s[2] =enthalpy(steam_iapws,T=T_s[2],x=0) 
h_water[1] =C_P_water*T_water[1] "water data" 
h_water[2] =C_P_water*T_water[2] 

h_fg_s=h_s[1]-h_s[2] "h_fg is found from the EES functions rather than using h_fg = 2305 kJ/kg" 


m s 

"l"water,1 

fkq/sl 

[Cl 

3.028 

10 

2.671 

12 

2.315 

14 

1.959 

16 

1.603 

18 

1.247 

20 
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5-88 Two mass streams of the same idela gas are mixed in a mixing chamber. Heat is transferred to the chamber. Three 
expressions as functions of other parameters are to be obtained. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 

Analysis (a) We take the mixing device as the system, which is a control volume. The energy balance for this steady -flow 
system can be expressed in the rate form as 


^in ^out 


a 77 ^0 (steady) _ r\ 

— system “ u 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

= 4ut 

m x h x + m 2 h 2 + Q m = m 3 h 3 
From a mass balance, 
ra 3 = m, + m 2 


Cold gas 


Hot gas 



Since h = c p T , 


Then 


™\£ p T\ +m 2 c p T 2 +Q m = m 3 c p T 3 


P 


P 


lit, rii 9 Q\ 
T 3 =^-T t + —T 2 + 1 


in 


m 


3 m 3 m 3 c p 

(b) Expression for volume flow rate: 


(/ 3 = m 3 1/ 3 = m 3 


RT 3 

A 




A 


m, 

_i ri+ _2_r 2 + 


Gin 


m 


m 


m 3 c p j 


p 3 =p l =p 2 =p 


• ra,/?7’ 1 m ? RT ? RQ 

i/ 3 = — ^ ^ + 


in 


P, 


C/ 3 ^ + c/ 2 + 


A 




^Qin 

Pc„ 


(c) If the process is adiabatic, then 
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5-89E Saturated liquid water is heated in a steam boiler. The heat transfer per unit mass is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 

Analysis We take the pipe in which the water is heated as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


£ in - £ out 


A F 

system 


7IQ (steady) 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 

mh x + Q in = mh 2 

Gin =tn(h 2 -h\) 

tfin =h 2 -h l 


500 psia, 
sat. liq. 


^in 


Water 



* 


500 psia 
600°F 


The enthalpies of water at the inlet and exit of the boiler are (Table A-5E, A-6E). 


P x = 500 psia 
v = 0 

P 2 = 500 psia 
T 2 = 600°F 


p = h f@ soopsia = 449 - 5 1 Btu/lbm 
> h 2 = 1298.6 Btu/lbm 


Substituting, 

q m =1298.6-449.51 = 849. IBtu/lbm 
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5-90 Air at a specified rate is heated by an electrical heater. The current is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The heat losses from the air is negligible. 

Properties The gas constant of air is 0.287 kPa.m Vkg.K (Table A-l). The constant pressure specific heat of air at room 
temperature is c p = 1.005 kJ/kg-°C (Table A-2 a). 

Analysis We take the pipe in which the air is heated as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


77 _ 77 _ a 77 ^0 (steady) 

^in ^out ZAi -'system 

^ v / . v V ' 

Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in — ^out 

mh\ +W e , in = mh 2 

^e,in =rh(h 2 -h x ) 

V/ = me p (T 2 -T x ) 


100 kPa, 15°C 
0.3 m 3 /s 



100 kPa 
30°C 


The inlet specific volume and the mass flow rate of air are 


RT X (0.287 kPa • nr /kg • K)(288 K) n 3/1 

v x = = 0.8266 m /kg 


m = 


P\ 


0.3 m 3 /s 


100 kPa 


= 0.3629 kg/s 


0.8266 m /kg 

Substituting into the energy balance equation and solving for the current gives 


1 = 


mc p (T 2 -T x ) (0.3629 kg/s)(l. 005 kJ/kg- K)(30-15)K 


f 


V 


110V 


1000 VI 
lkJ/s 




= 49.7 Amperes 
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5-91E The cooling fan of a computer draws air, which is heated in the computer by absorbing the heat of PC circuits. The 
electrical power dissipated by the circuits is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 All the heat dissipated by the circuits are picked up by the air drawn by the fan. 

Properties The gas constant of air is 0.3704 psia ft /lbm R (Table A-1E). The constant pressure specific heat of air at room 
temperature is c p = 0.240 Btu/lbnr°F (Table A-2E a). 

Analysis We take the pipe in which the air is heated as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


E m - E 0 u, 

V 

Rate o f n et en erg y trai sfer 
by heat, work, and mass 



mh x +W eAn 



a r 7,0 (steady) 
system 

^ J 
V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= 0 




m(h 2 - h x ) 


14.7 psia, 70°F 
0.3 ft 3 /s 



14.7 psia 
83°F 


^e,in =mC p (T 2 -T{) 


The inlet specific volume and the mass flow rate of air are 


i/i = 


RT X (0.3704 psia • £ Vlbm- R)(530R) 


P 


■ v 

m = — = 


0.3 ft 3 /s 


14.7 psia 
■ = 0.02246 lbm/s 


= 13.35 fi J /lbm 


13.35 fi /lbm 


Substituting, 


( 


W e out = (0.02246 lbm/s)(0.240 Btu/lbm- R)(83 - 70)Btu/lbn^ 


lkW 


0.94782 Btu/s 


= 0.0740kW 
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5-92E Electronic devices mounted on a cold plate are cooled by water. The amount of heat generated by the electronic 
devices is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 About 15 percent of the heat generated is dissipated from the 
components to the surroundings by convection and radiation. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of water at room temperature are p - 62.1 lbm/ft and c p = 1.00 Btu/lbm.°F (Table A-3E). 

Analysis We take the tubes of the cold plate to be the system, which is a control volume. The energy balance for this steady- 
flow system can be expressed in the rate form as 


^in ^out 


A 17 ^0 (steady) 

^-^system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc .energies 

^in = ^out 

Q m + mh x = mh 2 (since Ake = Ape = 0) 
Qm =rh c p(l 2 - 71 ) 


Then mass flow rate of water and the rate of heat removal by the water 
are determined to be 


Cold plate Water 



m = pAV = p 


nD 


Q = me p (T out - T m 


V = (62.1 lbm/ft 3 ) ^0/25/12 ft) — ^ 4 q ft/min) = 0.8483 lbm/min = 50.9 lbm/h 

4 

) = (50.9 lbm/h)(1.00 Btu/lbm.°F)(105 - 70)°F = 1781 Btu/h 


which is 85 percent of the heat generated by the electronic devices. Then the total amount of heat generated by the electronic 
devices becomes 


1781 Btu/h 
0.85 


= 2096 Btu/h = 614 W 
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5-93 A sealed electronic box is to be cooled by tap water flowing through channels on two of its sides. The mass flow rate of 
water and the amount of water used per year are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Entire heat generated is dissipated by water. 3 Water is an 
incompressible substance with constant specific heats at room temperature. 4 Kinetic and potential energy changes are 
negligible. 


Properties The specific heat of water at room temperature is 
c p = 4.18 kJ/kg.°C (Table A-3). 

Analysis We take the water channels on the sides to be the system, 
which is a control volume. The energy balance for this steady-flow 
system can be expressed in the rate form as 

77 _ 77 _ AZ7 ^*0 (steady) _ ^ 

Mn ^out — system — u 

^ v ' . v V ' 

Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

Q m + mh x = mh 2 (since Ake = Ape = 0) 

Gin =mc p {T 2 -T x ) 

Then the mass flow rate of tap water flowing through the electronic box becomes 

O 2kT/s 

Q = me AT >m = — — = = 0.1196kg/s 

1 c p AT (4. 18 kJ/kg.°C)(4°C) 


' ' 

Water 

inlet 

1 

' ' 


Electronic box 
2 kW 



Water 

exit 



2 

w 


Therefore, 0.1196 kg of water is needed per second to cool this electronic box. Then the amount of cooling water used per 
year becomes 

m = mAt = (0. 1 196 kg/s)(365 days/yr x 24 h/day x 3600 s/h) = 3,772,000kg/yr = 3,772 tons/yr 
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5-94 A sealed electronic box is to be cooled by tap water flowing through channels on two of its sides. The mass flow rate of 
water and the amount of water used per year are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Entire heat generated is dissipated by water. 3 Water is an 
incompressible substance with constant specific heats at room temperature. 4 Kinetic and potential energy changes are 
negligible 

Properties The specific heat of water at room temperature is 
c p = 4.18 kJ/kg.°C (Table A-3). 

Analysis We take the water channels on the sides to be the 
system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 

77 _ 77 _ a 77 ^0 (steady) _ ^ 

Mn ^out — ZAiZ/ system — u 

^ v ' . v V ' 

Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

Q m + mh x = mh 2 (since Ake = Ape = 0) 

Gin =mc p (T 2 -T{) 

Then the mass flow rate of tap water flowing through the electronic box becom< 

O 4kT/s 

Q = me AT > m = — = = 0.2392kg/s 

1 c p AT (4. 1 8 kJ/kg.°C)(4°C) 

Therefore, 0.2392 kg of water is needed per second to cool this electronic box. Then the amount of cooling water used per 
year becomes 

m = rhAt = (0.23923 kg/s)(365 days/yr x 24 h/day x 3600 s/h) = 7, 544,400 kg/yr = 7544tons/yr 


Water 

inlet 


3ecomes 
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5-95 The components of an electronic device located in a horizontal duct of rectangular cross section are cooled by 
forced air. The heat transfer from the outer surfaces of the duct is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room temperature. 3 
Kinetic and potential energy changes are negligible 


Properties The gas constant of air is R = 0.287 kJ/kg.°C (Table A-l). The specific heat of air at room temperature is c p = 
1.005 kJ/kg.°C (Table A-2). 


Analysis The density of air entering the duct and the mass flow rate are 
P 101.325 kPa 


P = 


RT (0.287 kPa.m 3 /kg.K)(30 + 273 )K 


= 1.165 kg/m' 


m = pO - (1.165 kg/m 3 )(0.6m 3 / min) = 0.700 kg/min 

We take the channel, excluding the electronic components, to be 
the system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 


^in ^out 

s. j 

V 

Rate of net energy transfer 
b y h eat, wo rk , an d mas s 


A E. 


710 (steady) 


system 


= 0 


Rate of changein internal, kinetic, 
potential, etc. energies 


^in “ ^out 


Q m + mh x = mh 2 (since Ake = Ape = 0) 
Gin = mc p (T 2 ~T X ) 


Air 
30°C 

0.6 mVmin 


40°C 



Then the rate of heat transfer to the air passing through the duct becomes 

Q* = [^ p (T out -T in )\^ r = (0.700/ 60 kg/s)(l .005 kJ/kg.°C)(40 - 30) °C = 0.117 kW = 117 W 

The rest of the 180 W heat generated must be dissipated through the outer surfaces of the duct by natural convection and 
radiation, 

External = Sotal ~ Qntemal = 1 80 - 1 1 7 = 63 W 
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5-96 The components of an electronic device located in a horizontal duct of circular cross section is cooled by forced air. 
The heat transfer from the outer surfaces of the duct is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room temperature. 3 
Kinetic and potential energy changes are negligible 

Properties The gas constant of air is R = 0.287 kJ/kg.°C (Table A-l). The specific heat of air at room temperature is c p = 
1.005 kJ/kg.°C (Table A-2). 

Analysis The density of air entering the duct and the mass flow rate are 


P 

RT 


101.325 kPa 

(0.287 kP a. m 3 /kg . K)(3 0 + 27 3 )K 


1.165 kg/m 3 


m = pO = (1.165kg/m 3 )(0.6m 3 / min) = 0.700 kg/min 


We take the channel, excluding the electronic components, to be the system, which is a control volume. The energy balance 
for this steady-flow system can be expressed in the rate form as 


^in ^out 


A F 

^^system 


710 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

-^in = ^out 

Q m + mh x = mh 2 (since Ake = Ape = 0) 
2in =™c p (T 2 -T x ) 



Then the rate of heat transfer to the air passing through the duct becomes 

Qrir = \mc p (T 0 ut - T[ n )]air = (0.700/ 60 kg/s)(l .005 kJ/kg.°C)(40 - 30)°C = 0. 1 17 kW = 1 17 W 

The rest of the 180 W heat generated must be dissipated through the outer surfaces of the duct by natural convection and 
radiation, 

^external = Sotal - ^internal = 1 80 - 1 1 7 = 63 W 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



5-74 


5-97 Air enters a hollow-core printed circuit board. The exit temperature of the air is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room temperature. 3 
The local atmospheric pressure is 1 atm. 4 Kinetic and potential energy changes are negligible. 


Properties The gas constant of air is R =0.287 
kJ/kg.°C (Table A-l). The specific heat of air at room 
temperature is c p = 1.005 kJ/kg.°C (Table A-2). 

Analysis The density of air entering the duct and 
the mass flow rate are 


P 

RT 


101.325 kPa 

(0.287 kP a. m 3 /kg . K )(25 + 273)K 


= 1.185 kg/m 



m = pV={ 1.1 85 kg/m 3 )(0.0008 m 3 / s) = 0.0009477 kg/s 


We take the hollow core to be the system, which is a control volume. The energy balance for this steady -flow system can be 
expressed in the rate form as 


^in ^out 


a 77 ^O (steady) 
ZA/Z 'system 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

Q [n + mh x - mh 2 (since Ake = Ape = 0) 
Gin =rncp(l 2-71) 


Then the exit temperature of air leaving the hollow core becomes 


Gin =mc p (T 2 -7i)->r 2 =r, + 2 ^ = 25 °c + 


15J/s 


me 


p 


(0.0009477 kg/s )( 1005 J/kg.°C) 


= 46.0°C 
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5-98 A computer is cooled by a fan blowing air through the case of the computer. The required flow rate of the air and the 
fraction of the temperature rise of air that is due to heat generated by the fan are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 Air is an ideal gas with constant specific heats. 3 The pressure of air is 1 atm. 
4 Kinetic and potential energy changes are negligible 


Properties The specific heat of air at room temperature is c p = 1.005 kJ/kg.°C (Table A-2). 

Analysis ( a ) We take the air space in the computer as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 



v 

Rate of net energy transfer 
b y h eat, wo rk , an d mas s 


a 17 ^0 (steady) 

^^system 

v. j 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= o 




Q,n +Win + rhh \ 

GU+Wfc 


mh 2 (since Ake = Ape = 0) 
me p (T 2 - 7 1 ) 


Noting that the fan power is 25 W and the 8 PCBs transfer a total of 80 
W of heat to air, the mass flow rate of air is determined to be 



Gin +^in = mc p (T e -T t ) -> m = 


Gin + ^in 

C»Ve-Ti) 


(8x10) W + 25 W 
(1005 J/kg.°C)(10°C) 


0.0104 kg/s 


(b) The fraction of temperature rise of air that is due to the heat generated by the fan and its motor can be determined from 


O 25 W 

Q = me n AT — > AT = = = 2.4°C 

p mc p (0.0104 kg/s)(1005 J/kg.°C) 

2 4 °C 

f = — - = 0.24 = 24% 

10°C 
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5-76 


5-99 A room is to be heated by an electric resistance heater placed in a duct in the room. The power rating of the electric 
heater and the temperature rise of air as it passes through the heater are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room temperature. 3 
Kinetic and potential energy changes are negligible. 4 The heating duct is adiabatic, and thus heat transfer through it is 
negligible. 5 No air leaks in and out of the room. 

Properties The gas constant of air is 0.287 kPa.m Vkg.K (Table A-l). The specific heats of air at room temperature are c p = 
1.005 and c u = 0.718 kJ/kg-K (Table A-2). 


Analysis (a) The total mass of air in the room is 

(/ = 4 x 5 x 6 m 3 =120 m 3 

PV (98 kPa)(120 m 3 ) 

m = = 

RT X (0.287 kPa • m 7kg • K)(288 K) 


142.3 kg 


We first take the entire room as our system, which is a closed system 
since no mass leaks in or out. The power rating of the electric heater is 
determined by applying the conservation of energy relation to this 
constant volume closed system: 



R'm R out 

y J 

V 

Net energy tnnsfer 
by heat, work, and mass 


A F 

system 

s. J 

V 

Changein internal, kinetic, 
potential, etc. energies 


W e , in + W fan in - Q out = A U (since AKE = APE = 0) 
Af (w e in + W lan in - e out ) = mc u avs (T 2 - 7] ) 


Solving for the electrical work input gives 

Ain =e 0 ut-W f an,in +mC v (J 2 -Tj/At 

= (150/60 kJ/s) - (0.2 kJ/s) + (142.3 kg)(0.718 kJ/kg • °C)(25 - 15)°C/(20 x 60 s) 

= 3.151 kW 

( b ) We now take the heating duct as the system, which is a control volume since mass crosses the boundary. There is only 
one inlet and one exit, and thus m x =rit 2 = rh. The energy balance for this adiabatic steady-flow system can be expressed in 
the rate form as 


Thus, 


R'm Rout 


A 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

R in ~ Rout 

We, in + W fan in + mh x - mh^ (since Q = Ake = Ape = 0) 
^e,in +^fan,in = ^2 " h X ) = p (T 2 ~T { ) 


AT =T 2 -T x = 


W +W f ■ 

rr e,in ' rr fan,in 


(3.151 + 0.2) kJ/s 


me 


p 


(40/60 kg/s)(l.005 kJ/kg • K) 


= 5.0°C 
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5-100 A long roll of large 1-Mn manganese steel plate is to be quenched in an oil bath at a specified rate. The rate at which 
heat needs to be removed from the oil to keep its temperature constant is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the roll are constant. 3 Kinetic and potential 
energy changes are negligible 

Properties The properties of the steel plate are given to be p = 7854 kg/nr and c p = 0.434 kJ/kg.°C. 

Analysis The mass flow rate of the sheet metal through the oil bath is 

m = pO — pwtV = (7854kg/m 3 )(2m)(0.005 m)(10m/min)= 785.4 kg/min 


We take the volume occupied by the sheet metal in the oil bath to be the system, which is a control volume. The energy 
balance for this steady-flow system can be expressed in the rate form as 


^in ^out 


A E, 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 

K = E 0 ut 

mh x = <2 out + mh 2 (since Ake = Ape = 0) 

Qonl = mC p( T \ ~ T 2) 


■> 


Steel plate 
10 m/min 



Oil bath 
45°C 



Then the rate of heat transfer from the sheet metal to the oil bath becomes 


4ut = mc p (T in - T out ) IlieUil = (785.4 kg/min)(0.434 kJ/kg.°C)(820 — 51. 1)°C = 262,090 kJ/min = 4368 kW 

This is the rate of heat transfer from the metal sheet to the oil, which is equal to the rate of heat removal from the oil since 
the oil temperature is maintained constant. 
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5-78 



5-101 “ irTTli Problem 5-100 is reconsidered. The effect of the moving velocity of the steel plate on the rate of heat transfer 
from the oil bath as the velocity varies from 5 to 50 m/min is to be investigated. Tate of heat transfer is to be plotted against 
the plate velocity. 

Analysis The problem is solved using EES, and the solution is given below. 


"Knowns" 

Vel = 10 [m/min] 

T_bath = 45 [C] 

T_1 = 820 [C] 

T_2 = 51.1 [C] 
rho = 785 [kg/m A 3] 

C_P = 0.434 [kJ/kg-C] 
width = 2 [m] 
thick = 0.5 [cm] 

"Analysis: 

The mass flow rate of the sheet metal through the oil bath is:" 

Vol_dot = width*thick*convert(cm,m)*Vel/convert(min,s) 
m_dot = rho*Vol_dot 

"We take the volume occupied by the sheet metal in the oil bath to be the system, 

which is a control volume. The energy balance for this steady-flow system-the metal can be 

expressed in the rate form as:" 

E_dot_metalJn = E_dot_metal_out 

E_d ot_m etal _i n = m_d ot* h_1 

E_dot_metal_out=m_dot*h_2+Q_dot_metal_out 

h_1 = C_P*T_1 
h_2 = C_P*T_2 

Q dot oil out = Q dot metal out 


Qoilout 

[kWl 

Vel 

[m/minl 

218.3 

5 

436.6 

10 

654.9 

15 

873.2 

20 

1091 

25 

1310 

30 

1528 

35 

1746 

40 

1965 

45 

2183 

50 



Vel [m/min] 
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5-102E Water is heated in a parabolic solar collector. The required length of parabolic collector is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat loss from the tube is negligible so that the entire solar energy 
incident on the tube is transferred to the water. 3 Kinetic and potential energy changes are negligible 

Properties The specific heat of water at room temperature is c p = 1.00 Btu/lbm.°F (Table A-3E). 

Analysis We take the thin aluminum tube to be the system, which is a control volume. The energy balance for this steady - 
flow system can be expressed in the rate form as 


^in ^out 


A F 

z_v ^system 


710 (steady) 


= 0 



Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 

Q in + mh x = mh 2 (since Ake = Ape = 0) 

Gin =^water C p( T 2~ T \) 

Then the total rate of heat transfer to the water flowing through the tube becomes 

Gtotai =™c p (T e -T t ) = (41bm/s)(1.00Btu/lbm. o F)(180-55)°F = 500Btu/s= 1,800, 000 Btu/h 
The length of the tube required is 

(2 total 1,800,000 Btu/h 


L = 


Q 


400 Btu/h. ft 


= 4500ft 


5-103 A house is heated by an electric resistance heater placed in a duct. The power rating of the electric heater is to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with constant specific 
heats at room temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The constant pressure specific heat of air at room temperature is c p = 1.005 kJ/kg-K (Table A-2) 

Analysis We take the heating duct as the system, which is a control volume since mass crosses the boundary. There is only 
one inlet and one exit, and thus ri\ = rii 2 = rii. The energy balance for this steady-flow system can be expressed in the rate 

form as 

^in — ^out 

V, 7 

V 

Rate of net energy transfer 
by heat, work, and mass 


^e,in+^fan,in+'” /! l 
^e,in +^fan,in 

Substituting, the power rating of the heating element is determined to be 

VF e in = eu + rhc p AT - W fan in = (0. 3 kJ/s) + (0. 6 kg/s)(l . 005 kJ/kg • °C)(7°C) - 0. 3 kW = 4.22 kW 
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5-104 Steam pipes pass through an unheated area, and the temperature of steam drops as a result of heat losses. The mass 
flow rate of steam and the rate of heat loss from are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 4 There are no work interactions involved. 


Properties From the steam tables (Table A-6), 


Pi =2 MPa 1 c/j = 0.12551 m 3 /kg 
T x = 300°C J h x =3024.2 kJ/kg 


P 2 =1800 kPa 
T 2 = 250°C 



= 2911.7 kJ/kg 


2 MPa 
300°C 


STEAM 

> 



1.8 MPa 
250°C 


Analysis (a) The mass flow rate of steam is determined directly from 


m = — A l V ] = 

t/, 


1 


0.12551 nr/kg 


/r(0.08 m) 2 ](2.5 m/s) = 0.4005kg/s 


( b ) We take the steam pipe as the system, which is a control volume since mass crosses the boundary. There is only one inlet 
and one exit, and thus m x = nt 2 =th. The energy balance for this steady-flow system can be expressed in the rate form as 


^in ^out 


a F ^0 (steady) 
^-^system 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

P'm “ -^out 

mh x = Q out + mh^ (since W = Ake = Ape = 0) 
Gout = ^1-^2) 

Substituting, the rate of heat loss is determined to be 

2 loss = (0.4005 kg/s)(3024.2 - 291 1.7) kJ/kg = 45.1 kJ/s 
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5-105 R-134a is condensed in a condenser. The heat transfer per unit mass is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 

Analysis We take the pipe in which R-134a is condensed as the system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 


^in ^out 


a 77 ™ (steady) 

L ^ Cj system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in — -^out 

mh x = mh 2 + 0 out 
Gout = m(hi ~h 2 ) 

2out= A l-*2 


900 kPa 
60°C 


R134a 




900 kPa 
sat. liq. 


The enthalpies of R-134a at the inlet and exit of the condenser are (Table A- 12, A- 13). 

/z, = 295.15 kJ/kg 


P x = 900 kPa 
T x = 60°C 

P 2 = 900 kPa 

x = 0 


> h 2 —h/@ gookPa -101.62 kJ/kg 


Substituting, 

q oui = 295.15- 101 .62 = 1 93.5kJ/kg 


5-106 Water is heated at constant pressure so that it changes a state from saturated liquid to saturated vapor. The heat 
transfer per unit mass is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 

Analysis We take the pipe in which water is heated as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


A Z7 ao (steady) 

£Ar ' system 

v. j 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


^in “ ^out 

mh x + <2 in = mh 2 

Gin — m{h 2 -h x ) 
^m = h 2 -h x =h fg 


where 


500 kPa 
Sat. Liq. 


^in 


Water 





500 kPa 
sat. vap. 


hfg @ 500 kPa _ 2108.0 kJ/kg 


(Table A-5) 


Thus, 


q m = 2108kJ/kg 
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5-107 Water is heated by a 7-kW resistance heater as it flows through an insulated tube. The mass flow rate of water is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Water is an incompressible substance with 
constant specific heats at room temperature. 3 Kinetic and potential energy changes are negligible. 4 The tube is adiabatic 
and thus heat losses are negligible. 

Properties The specific heat of water at room temperature is c = 4.18 kJ/kg°C (Table A-3). 

Analysis We take the water pipe as the system, which is a control volume since mass crosses the boundary. There is only 
one inlet and one exit, and thus ri\ = = m . The energy balance for this steady-flow system can be expressed in the rate 

form as 


E in ~ £out 


A F 

'-^system 


<^0 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 


W e , in + mh { = mh 2 (since Q out = Ake = Ape = 0) 

W e in = miho - hi) = m[c(T 2 -7]) + vA P^ 0 ] = mc{T 2 -7|) 


20°C 

WATER 

75°C 

1 

[AWWVV] 

/ 

^ 7kW ' 

r 


Substituting, the mass flow rates of water is determined to be 


m = 


c(T 2 -T { ) 


7 kJ/s 

(4. 184 kJ/kg-°C)(75 - 20)°C 


0.0304 kg/s 
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5-108 Electrical work is supplied to the air as it flows in a hair dryer. The mass flow rate of air and the volume flow rate at 
the exit are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat loss from the dryer is negligible. 

• *3 

Properties The gas constant of argon is 0.287 kPa.m 7kg. K. The constant pressure specific heat of air at room temperature is 
c p = 1 .005 kJ/kg °C (Table A-2 a). 

Analysis (a) We take the pipe as the system, which is a control volume. The energy balance for this steady-flow system can 
be expressed in the rate form as 


^in -^out 


710 (steady) _ n 

system — u 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 


-^in ” -^out 


m 


/Zi + 


V- 


2 \ 


2 


+ W m = m 


W in = m 


W in = m 


h 2 + 


V 


2 ^ 


2 


J 


h 2 -h x + 


V 2 ~V\ ^ 


2 


J 


C P (T 2 _ ^i) + 


Vi-y ^ 
2 


V 2 = 21 m/s 

AWWV\r 

' ' 

J 

| Ty = 300 K 

/ 


1 



VK= 1500 W 


Substituting and solving for the mass flow rate, 


W: 


m = 


in 


C p(T 2 ~T\) + 


Vo 2 -V , 2 


1.50 kW 


(21 m/s Y -0 


(1 .005 kJ/kg • K)(353 - 300)K + 

z 

= 0.0280kg/s 

(b) The exit specific volume and the volume flow rate are 


1 kJ/kg 


2 ,2 


1000 m"/s 


i/o = 


RT 2 (0.287 kPa • m J /kg • K )(353 K) = LQ13 m3/kg 


P 


100 kPa 


0 2 = mv 2 = (0.02793 kg/s)(1.013 m 3 /kg) = 0.0284m 3 /s 
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5-84 


5-109 



Problem 5-108 is reconsidered. The effect of the 


rate is to be investiagted. 


exit velocity on the mass flow rate and the exit volume flow 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T 1 =300 [K] 

P=100 [kPa] 

Vel_1=0 [m/s] 

W_dot_e_in=1 .5 [kW] 

T2=(80+273) [K] 

Vel_2=21 [m/s] 

"Properties" 
c_p=1 .005 [kJ/kg-K] 

R=0.287 [kJ/kg-K] 

"Analysis" 

W_dot_eJn=m_dot*c_p*(T2-T1)+m_dot*(Vel_2 A 2-VeM A 2)*Convert(m A 2/s A 2,kJ/kg) "energy balance on hair 
dryer" 

v2=(R*T2)/P 

Vol dot 2=m dot*v2 



Vel 2 

[m/s] 

m 

[kg/s] 

Vol 2 

[m 3 /s] 

5 

0.02815 

0.02852 

7.5 

0.02813 

0.0285 

10 

0.02811 

0.02848 

12.5 

0.02808 

0.02845 

15 

0.02804 

0.02841 

17.5 

0.028 

0.02837 

20 

0.02795 

0.02832 

22.5 

0.0279 

0.02826 

25 

0.02783 

0.0282 


Veb [m/s] 
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5-110E The ducts of an air-conditioning system pass through an unconditioned area. The inlet velocity and the exit 
temperature of air are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with constant specific 
heats at room temperature. 3 Kinetic and potential energy changes are negligible. 4 There are no work interactions involved. 

Properties The gas constant of air is 0.3704 psia.ft /lbm.R (Table A-1E). The constant pressure specific heat of air at room 
temperature is c p = 0.240 Btu/lbm.R (Table A-2E) 

Analysis ( a ) The inlet velocity of air through the duct is 


V, = 


l \ (/, 450 ft 3 /min 

A, nr 1 *(5/12 fi) 2 


= 825 ft/min 


450 ft /min 


AIR 


Then the mass flow rate of air becomes 


= ( q. 3704 psia li Vlbm R](510 R) = ,, , , 3/lbm 
P l (15 psia) 




D= 10 in 


2 Btu/s 


m = — = 


450 ft 3 /min 


12.6 ft 3 /lbm 


= 35.7 lbm/min = 0.595 lbm/s 


( b ) We take the air-conditioning duct as the system, which is a control volume since mass crosses the boundary. There is 
only one inlet and one exit, and thus m l =m 2 =m. The energy balance for this steady-flow system can be expressed in the 

rate form as 


-^in ^out 


A E a 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 

Q m + mh x = m/^ (since W = Ake = Ape = 0) 

Gin = ^(*2 ~ h \) = me P (J 2 “ T \ ) 

Then the exit temperature of air becomes 

2 in — 2 Btu/s 


T 2= T \ + 


= 50 F + 


me 


p 


(0.595 lbm/s)(0.24 Btu/lbm°F) 


= 64.0°F 
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Charging and Discharging Processes 


5-86 


5-111 Steam in a supply line is allowed to enter an initially evacuated tank. The temperature of the steam in the supply line 
and the flow work are to be determined. 

Analysis Flow work of the steam in the supply line is converted to sensible internal energy in the tank. That is, 

^line — ^tank 


where 


/J ,ank = 4 MPa 
r tank = 550°C 


K ank = 3 1 89.5 kJ/kg (Table A-6) 


Now, the properties of steam in the line can be calculated 

(Table A-6) 


^line -4 MPa 


A line = 3 189.5 kJ/kg 


Tiine =389.5=c 


u Yme =2901.5 kJ/kg 


Steam 


4 MPa 



Initially 

evacuated 


The flow work per unit mass is the difference between enthalpy and internal energy of the steam in the line 


w 


flow 


= /t line -u Vme = 3189.5 -2901.5 = 288kJ/kg 
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5-112 Steam flowing in a supply line is allowed to enter into an insulated tank until a specified state is achieved in the tank. 
The mass of the steam that has entered and the pressure of the steam in the supply line are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid entering the tank remains constant. 2 Kinetic and potential 
energies are negligible. 

Properties The initial and final properties of steam in the tank are (Tables A-5 and A-6) 

P { = 1 MPa jv, = 0.19436 m 3 /kg 
x l = 1 (sat. vap.)J M| = 2582.8 kJ/kg 

P 2 = 2 MPa j i/ 2 =0.12551 m 3 /kg 
T x = 300°C ]u 2 =2773.2 kJ/kg 

Analysis We take the tank as the system, which is a control volume since mass crosses 
the boundary. Noting that the microscopic energies of flowing and nonflowing fluids 
are represented by enthalpy h and internal energy u, respectively, the mass and energy 
balances for this uniform-flow system can be expressed as 

Mass balance : m in — m out = Am system —> m i = n^ —m x 

Energy balance: E in -E 0 ut = A £ system 

' v ' . ' ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

m i h i = m 2 u 2 - ni x u x (since Q = ke = pe = 0) 

The initial and final masses and the mass that has entered are 

m 1 = — = 2m \ =10.29 kg 

0. 19436 m 3 /kg 

1/ 2 m 3 

m 2 = — = = 15.94 kg 

o. 12551 m 3 /kg 

m { =m 2 -m x = 15.94-10.29 = 5.645kg 
Substituting, 

(5.645 kg)h j = (15.94 kg)(2773.2 kJ/kg) - (10.29 kg)(2582. 8 kJ/kg) >h t = 3 120.3 kJ/kg 

The pressure in the supply line is 



h: =3 120.3 kJ/kg 

>P: =8931kPa (determined from EES) 
T { =400°C J ; 
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5-113 Helium flows from a supply line to an initially evacuated tank. The flow work of the helium in the supply line and the 
final temperature of the helium in the tank are to be determined. 


Properties The properties of helium are R = 2.0769 kJ/kg.K, c p = 5.1926 kJ/kg.K, c v = 3.1 156 kJ/kg.K (Table A-2a). 


Analysis The flow work is determined from its definition but we first determine 
the specific volume 

„ = gi™ = V- 0769 kJ/kg.K)(120 + 273 K) = 4 Q81 : ^ 

P (200 kPa) 

w flow =Pv= (200 kPa)(4.081 1 m 3 /kg) = 81 6.2kJ/kg 

Noting that the flow work in the supply line is converted to sensible internal 
energy in the tank, the final helium temperature in the tank is determined as 
follows 


w tank ^line 

h line = c p T l[ne =(5.1926kJ/kg.K)(120 + 273K) = 2040.7 kJ/kg 


Helium ► 200 kPa, 120°C 



Initially 

evacuated 


M-tank =c v T tmk > 2040.7 kJ/kg = (3. 1 1 56 kJ/kg. K)Y’ 1:mk >T twk =655.0K 


Alternative Solution: Noting the definition of specific heat ratio, the final temperature in the tank can also be determined 
from 

r tank = kT YmQ = 1.667(120 + 273 K) = 655.1K 
which is practically the same result. 
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5-114 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill the bottle. The 
amount of heat transfer through the wall of the bottle when thermal and mechanical equilibrium is established is to be 
determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with variable 
specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The direction of 
heat transfer is to the air in the bottle (will be verified). 

Properties The gas constant of air is 0.287 kPa.m/kg.K (Table A-l). 


Analysis We take the bottle as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 


Mass balance : 


m m - '«out = ^system m i = nl 2 


(since m out = = 0) 


Energy balance : 



v 

Net energy transfer 
by heat, work, and mass 


A F 

system 

v. J 

V 

Changein internal, kinetic, 
potential, etc. energies 


Qin + m , h i = m 2 u 2 (since W = £ out = £ initial = ke = pe = 0) 


Combining the two balances : 

2in ="h{u 2 - h i) 


100 kPa 



where 


m 0 = 


P^_ 

RT o 


(100 kPa)(0.035 nr ) 


T t =T 2 = 295 K 


(0.287 kPa • nr 5 /kg • K)(295 K) 
Table A-17 . = 295. 17 kJ/kg 


= 0.04134 kg 


u 2 = 210.49 kJ/kg 


Substituting, 

Q m = (0.04134 kg)(2 10.49 - 295.17) kJ/kg = - 3.50 kJ 


or 


0 out = 3.50 kJ 

Discussion The negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we reverse the 
direction. 
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5-115 A rigid tank initially contains superheated steam. A valve at the top of the tank is opened, and vapor is allowed to 
escape at constant pressure until the temperature rises to 500°C. The amount of heat transfer is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process by using constant average properties for the steam leaving the tank. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank 
(will be verified). 


Properties The properties of water are (Tables A-4 through A-6) 


P x = 2 MPa 
T x = 300°C 

P 2 = 2 MPa 
T 2 = 500°C 


t/ x =0. 12551m J /kg 

u x = 2773.2 kJ/kg, h x = 3024.2 kJ/kg 

i/ 2 =0. 17568 m 3 /kg 
u 2 =31 16.9 kJ/kg, h 2 =3468.3 kJ/kg 


s 


H 


STEAM 
2 MPa 


Q 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


" 'in - m ont = System m e = m \ ~ m 2 


Energy balance : 

^in — ^out ~~ ^^system 

V v ' . V V ' 

Net energy transfer Changein intemal,kinetic, 
by heat, work, and mass potential, etc. energies 

<2 in - m e h e = m 2 u 2 - m x u x (since W = ke = pe = 0) 


The state and thus the enthalpy of the steam leaving the tank is changing during this process. But for simplicity, we assume 
constant properties for the exiting steam at the average values. Thus, 


h e = 


h x +h 2 3024.2 + 3468.3 kJ/kg 


= 3246.2 kJ/kg 


The initial and the final masses in the tank are 


m j = 


i/ x _ 0.2 m 3 

V, 0. 12551 m 3 /kg 


(A 


0.2 m 


m 2 = 


= 1.594 kg 


= 1.138kg 


v 2 0. 17568 m J /kg 

Then from the mass and energy balance relations, 
m e = m x — m 2 = 1 .594 -1.138 = 0.456 kg 

Qtn = m e h e + m 2 u 2 - w,M| 


= (0.456 kg)(3246.2 kJ/kg )+(l. 138 kg)(31 16.9 kJ/kg)-(l.594 kgX2773.2 kJ/kg) 

= 606.8 kJ 
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5-116E A rigid tank initially contains saturated water vapor. The tank is connected to a supply line, and water vapor is 
allowed to enter the tank until one-half of the tank is filled with liquid water. The final pressure in the tank, the mass of 
steam that entered, and the heat transfer are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential energies 
are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be verified). 


Properties The properties of water are (Tables A-4E through A-6E) 


Ty = 300°F 1 v x = «/„ @300 o F = 6.4663 ft 3 /lbm 

f S 

sat. vapor J u x = w i , @300 o F = 1099.8Btu/lbm 


T 2 = 300 °F I <j f = 0.01745. v g = 6.4663 ft 3 /lbm 
sat. mixture J iij = 269.51, u g = 1099.8 Btu/lbm 


Pj = 200 psia 
T { = 400°F 


U. =1210.9 Btu/lbm 


Steam 200 psia 

* 400°F 



Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : m in — m out = Ara system — » m, = n^ — m x 

Energy balance: E in - E out = A£ system 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

<2 in + nijhj = m 2 u 2 - m \ u \ (since W = ke = pe = 0) 


(a) The tank contains saturated mixture at the final state at 250°F, and thus the exit pressure is the saturation pressure at this 
temperature, 

^2 = ^sat@ 30 CPF = 67.03 psia 


( b ) The initial and the final masses in the tank are 

1/ 3ft 3 

m, = — = = 0.464 lbm 

6.4663 £ 3 /lbm 

V f V g 1.5 ft 3 1.5ft 3 . 

m 2 = m f +m = 1 = 1 = 85.97 + 0.232 = 86.20 lbm 

v f 0.01745 ft 3 /lbm 6.4663 ft 3 /lbm 

Then from the mass balance 

m, = m 2 — m x =86.20 — 0.464 = 85.74 lbm 

(c) The heat transfer during this process is determined from the energy balance to be 

Gin = ~ m i h i + m 2 U 2 ~ M \ U \ 

= -(85.74 lbm)(l210.9 Btu/lbm) + 23.425 Btu - (0.464 lbm)(l 099.8 Btu/lbm) 

= -80,900 Btu Q oul = 80,900 Btu 

since 

U 2 =m 2 u 2 = m fUj +m g u g = 85.97 x 269.51 + 0.232 x 1099.8= 23,425 Btu 
Discussion A negative result for heat transfer indicates that the assumed direction is wrong, and should be reversed. 
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5-117 A pressure cooker is initially half-filled with liquid water. If the pressure cooker is not to run out of liquid water for 1 
h, the highest rate of heat transfer allowed is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 


Properties The properties of water are (Tables A-4 through A-6) 


P x = 175 kPa -> c /, = 0.001057 m 3 /kg, c/ = 1.0037 m 3 /kg 


u f = 486.82 kJ/kg, u g = 2524.5 kJ/kg 


P 2 = 175 kPa 
sat. vapor 

P e = 175 kPa 
sat. vapor 


(A = </ 


#@175 


kp a = 1.0036 m 3 /kg 
u 2 = w ?@ 175 kPa “ 2524.5 kJ/kg 


K — ^g@ 175 kPa - 2700. 2 kJ/kg 


Analysis We take the cooker as the system, which is a control volume since 
mass crosses the boundary. Noting that the microscopic energies of flowing 
and nonflowing fluids are represented by enthalpy h and internal energy u, 
respectively, the mass and energy balances for this uniform-flow system can 
be expressed as 

Mass balance : m in - m out = Am system — » m e = m x - m 2 

Energy balance: E in - E out = A£ system 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

fin - m eK = m 2 u 2 ~ m \ u \ (since W = ke = pe = 0) 



Q 


The initial mass, initial internal energy, and final mass in the tank are 


V f (/, 

m x = nij + m g = 1 — — 


0.002 m' 


+ 


0.002 m' 


1/ 


/ 


v. 


0.001057 m 3 /kg 1.0036 m 3 /kg 


= 1 . 893 + 0.002 = 1 . 895 kg 


U x = m x u x = m fUf + m g u g = (l. 893X486. 82)+ (0.002X2524.5) = 926.6 kJ 


V 


7“/ 

0.004 m : 


= 


v 2 1-0037 m 3 /kg 


= 0.004 kg 


Then from the mass and energy balances, 

m e =m x -m 2 =1.895 -0.004 = 1.891 kg 

Qin =m e h e +m 2 u 2 -m l u l 

= (1.891 kgX2700.2 kJ/kg) + (0.004 kg)(2524.5 kJ/kg)-926.6 kJ = 4188 kJ 


Thus, 


Q = — = 


Q 4188 kJ 


= 1.163kW 


At 3600 s 
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5-118 A cylinder initially contains saturated liquid-vapor mixture of water. The cylinder is connected to a supply line, and 
the steam is allowed to enter the cylinder until all the liquid is vaporized. The final temperature in the cylinder and the mass 
of the steam that entered are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 The expansion process is 
quasi-equilibrium. 3 Kinetic and potential energies are negligible. 3 There are no work interactions involved other than 
boundary work. 4 The device is insulated and thus heat transfer is negligible. 


Properties The properties of steam are (Tables A-4 through A-6) 


P x = 200 kPa 
x x = 0.6 


P 2 = 200 kPa 
sat. vapor 

Pi =0.5 MPa 
T ; = 350°C 






>h x =h f +X\h fg 


= 5 04. 7 1 + 0. 6 x 220 1 . 6 = 1 825 . 6 kJ/kg 
\h 2 =^g@2ookPa =2706. 3 kJ/kg 

=3168.1 kJ/kg 


(P = 200 kPa) 
m\ = 10 kg 
H 2 0 


T 


Pi = 0.5 MPa 
Ti = 350°C 


D 


Analysis (a) The cylinder contains saturated vapor at the final state at a pressure of 200 kPa, thus the final temperature in the 
cylinder must be 

T 2 = 2" sa t @ 200 kPa = 120.2°C 

( h ) We take the cylinder as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : m in — m out = Ara system —> m t = — m x 

Energy balance : 

^in — £out — ^^system 

' v ' . v V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

mfri - W b oul + m 2 u 2 - m x u x (since Q = ke = pe = 0) 


Combining the two relations gives 

0 = Wb,out -(m 2 -m l )hj + m 2 u 2 - m x u x 


or, 


0 = —(in-, — m 1 )hj + m-,lv, — 


since the boundary work and A U combine into AH for constant pressure expansion and compression processes. Solving for 
m 2 and substituting. 


h t - h x 

m 2 =- — m l = 


hi -ih 


(3 168. 1-1825.6) kJ/kg 
(3168. 1-2706.3) kJ/kg 


(10 kg) = 29.07 kg 


Thus, 

m x = m 2 - m x = 29.07 - 10 = 19.07 kg 
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5-119E A scuba diver's air tank is to be filled with air from a compressed air line. The temperature and mass in the tank at 
the final state are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with constant 
specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The tank is well- 
insulated, and thus there is no heat transfer. 

Properties The gas constant of air is 0.3704 psia ft /lbm R (Table A-1E). The specific heats of air at room temperature are 
c p = 0.240 Btu/lbmR and c u = 0.171 Btu/lbmR (Table A-2E a). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


m in ~ "'out = ^"system m i = m 2 ~ m \ 

Energy balance : 

^in “ ^out = 

v. j 

V 

Net energy transfer 
by heat, work, and mass 

m,h t = 


Combining the two balances : 

(m 2 -m x )c p T i = m 2 cJT 2 -m x cj x 


A F 

system 

V J 

V 

Changein internal, kinetic, 
potential, etc. energies 


m 2 u 2 ~ ni]U 


\ u \ 


m 2 c J 2 


Air 


120 psia, 85°F 



The initial and final masses are given by 

Py (20 psia)(2ft 3 ) 

m | — — - 

RT { (0.3704 psia • ft Vlbm • R)(60 + 460 R) 

PW (120 psia)(2ft 3 ) 647.9 

m 2 = = = 

RT 2 (0. 3704 psia • ft 3 /lbm • R)T 2 T 2 


= 0.2077 lbm 


Substituting, 

r 


647.9 

V T 2 




-0.2077 


647.9 

(0.24)(545) = (0. 17 1 )T 2 

T -> 


(0.2077)(0. 171)(520) 


whose solution is 

T 2 =709.2R =249°F 

The final mass is then 


647.9 



^^ = 0.914lbm 

709.2 
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5-120 R-134a from a tank is discharged to an air-conditioning line in an isothermal process. The final quality of the R-134a 
in the tank and the total heat transfer are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the exit remains constant. 2 Kinetic and potential energies 
are negligible. 3 There are no work interactions involved. 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


m m m out A/7? S y Stem 


— —m 


A-C line 


m e = m | — m 2 


Energy balance : 

E in -E 


in 


out 


AE 

system 


Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Gi„ ~m e h e =m 2 u 2 -m l u l 

Gin =m 2 u 2 -m 1 u l + m e h e 

Combining the two balances : 

Gin =m 2 u 2 -m l u l +(m 1 -m 2 )h e 

The initial state properties of R-134a in the tank are 

T _ 240c ] V\ = 0.0008260 m 3 /kg 

1 “ “ 1 m, = 84.44 kJ/kg (Table A-l 1) 



v = 0 


h e =84.98 kJ/kg 


Note that we assumed that the refrigerant leaving the tank is at saturated liquid state, and found the exiting enthalpy 
accordingly. The volume of the tank is 

1/ = W| i/, = (5 kg)(0.0008260 m 3 /kg) = 0.004130 m 3 

The final specific volume in the container is 

1/ 0.004130 m 3 3 , 

= 0.01652m /kg 


2 m 2 0.25 kg 
The final state is now fixed. The properties at this state are (Table A-l 1) 


T 2 = 24°C 

t/ 2 = 0.01652 m 3 /kg 


x 2 = 


-Vf 0.01652-0.0008260 


i/ 


fg 


0.031869-0.0008260 


= 0.5056 


u 2 =u f + x 2 u fg = 84.44 kJ/kg + (0.5056)(158.68 kJ/kg) = 164.67 kJ/kg 

Substituting into the energy balance equation, 

Q m =m 2 u 2 — m l u l + {m x —m 2 )h e 

= (0.25 kg)(l 64.67 kJ/kg) - (5 kg)(84.44 kJ/kg) + (4.75 kg)(84.98 kJ/kg) 

= 22.6kJ 
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5-121E Oxygen is supplied to a medical facility from 10 compressed oxygen tanks in an isothermal process. The mass of 
oxygen used and the total heat transfer to the tanks are to be determined. 

Assumptions 1 This is an unsteady process but it can be analyzed as a uniform-flow process. 2 Oxygen is an ideal gas with 
constant specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 

Properties The gas constant of oxygen is 0.3353 psiaft/lbm-R (Table A-1E). The specific heats of oxygen at room 
temperature are c p = 0.219 Btu/lbmR and c y = 0.157 Btu/lbmR (Table A-2E a). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


m 


in 


-m 0U t = Am„ 


system 


- m e =m 2 -m x 
m e = nt\ - m 2 

Energy balance : 

fin ~ £out — ^-^system 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Gin ~m e h e =m 2 u 2 -m 1 u l 

Gin =m 2 u 2 -m l u l + m e h e 
Gin =m 2 c v T 2 -m l c v T 1 +m e c p T e 


Combining the two balances : 

G,„ = m 2 c v T 2 -m^c v T x + (/'//, -m 2 )c p T e 



1)1 


Oxygen 
1500 psia 
80°F, 15 ft 3 


The initial and final masses, and the mass used are 

m , = P JL = (I500psia)(151t 3 ) = 124 3 lbm 

RT { (0.3353 psia • ft 71bm- R)(80 + 460 R) 

P 2 t/ (300 psia)(15ft 3 ) n/1 oclu 

m 2 = = = 24.85 lbm 

RT 2 (0. 3353 psia • ft 3 /lbm • R)(80 + 460 R) 

m e — m x — m 2 = 124.3 — 24.85 = 99 . 41lbm 

Substituting into the energy balance equation, 

Gin = m 2 cj 2 - + m e c p T e 

= (24.85X0. 157)(540) - (124.3)(0.157)(540) + (99 .4 1 )(0.2 1 9)(540 ) 

= 3328Btu 
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5-122 A rigid tank initially contains saturated R-134a vapor. The tank is connected to a supply line, and R-134a is allowed 
to enter the tank. The mass of the R-134a that entered and the heat transfer are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential energies 
are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be verified). 

Properties The properties of refrigerant are (Tables A-l 1 through A- 13) 


P l =0.8 MPa 
sat.vapor 

P 2 =1.2 MPa 
sat. liquid 

P t =1.2 MPa 
T t = 36°C 


‘'l = ^@0.8 MPa = 0.02565 m 3 /kg 
u x =u g @ o.8 MPa = 246. 82 kJ/kg 

= ^ f @ 1.2 MPa = 0.0008935 m 3 /kg 
u 2 = Uf@ 1.2 MPa -1 16.72 kJ/kg 

> h i — ^/@36°c —102.34 kJ/kg 


Analysis We take the tank as the system, which is a control volume since mass 
crosses the boundary. Noting that the microscopic energies of flowing and 
nonflowing fluids are represented by enthalpy h and internal energy w, 
respectively, the mass and energy balances for this uniform-flow system can be 
expressed as 


R-134a 1.2 MPa 

> 36°C > 



Q 


Mass balance : 


m m ~ m out = ^system -> 


ntj = m 2 — m x 


Energy balance : 


^in ^out 


A E 0 


system 


Net energy transfer Changein intemal,kinetic, 
by heat, work, and mass potential, etc. energies 

Q m + ntj hi = m 2 u 2 - m x u x (since W = ke = pe = 0) 
(a) The initial and the final masses in the tank are 




0.06 m 


m, = — = 


0.02565 m /kg 




0.06 m 


m 2 = 


= 2.340 kg 


= 67.16 kg 


0.0008935 m /kg 
Then from the mass balance 

m- = /7? 2 —m x = 67.16 — 2.340 = 64.82 kg 

(c) The heat transfer during this process is determined from the energy balance to be 
Sin =~m i h i + m 2 u 2 -m x Ui 

= -(64.82 kg Xl 02. 34 kJ/kg) + (67. 16 kg Xl 16.72 kJ/kg)- (2.340 kgX246.82 kJ/kg) 

= 627kJ 
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5-123 A rigid tank initially contains saturated liquid water. A valve at the bottom of the tank is opened, and half of the mass 
in liquid form is withdrawn from the tank. The temperature in the tank is maintained constant. The amount of heat transfer is 
to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be 
verified). 


Properties The properties of water are (Tables A-4 through A-6) 

T { = 200°C 1 c/j = i/ /@20ffc = 0.001157 m 3 /kg 
sat. liquid u x = u f @2 mc = ^50. 46 kJ/kg 


T e = 200° C 
sat. liquid 



= h 


y@2oo°c 


852.26 kJ/kg 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 


Mass balance : m in - m out = Ara system —> m e =m l —m 2 

Energy balance : 

F - F = A F 

in ^out ^-^system 

V V ' V V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

Q [n ~ m eK + m 2 u 2 ~ m \ u \ (since W = ke = pe = 0) 
The initial and the final masses in the tank are 


m, = 


v i 


0.3 m 3 

0.001 157m 3 /kg 


259.4 kg 


m 2 =\m j =4(259.4 kg) = 129.7 kg 



Then from the mass balance, 

m e = m x — m 2 = 259.4 - 129.7 = 129.7 kg 


Now we determine the final internal energy, 


V 


Vn = 


x 2 = 


m = 0.002313 m 3 /kg 


m 2 129.7 kg 


Vi-”/ 0.002313-0.001157 


(/ 


fg 


0.12721-0.001157 


= 0.009171 


T 2 = 200°C 
x 2 =0.009171 


\u 2 = u f +x 2 u k = 850.46 + (0.00917l)(l 743.7) = 866.46 kJ/kg 


Then the heat transfer during this process is determined from the energy balance by substitution to be 

Q = (129.7 kg)(852.26 kJ/kg)+ (129.7 kg)(866.46 kJ/kg)- (259.4 kg X850. 46 kJ/kg) 

= 2308 kj 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



5-99 


5-124E A rigid tank initially contains saturated liquid-vapor mixture of R-134a. A valve at the top of the tank is opened, and 
vapor is allowed to escape at constant pressure until all the liquid in the tank disappears. The amount of heat transfer is to 
be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 


Properties The properties of R-134a are (Tables A-l IE through A-13E) 


P x =160 psia — = 0.01413 ft 3 /lbm, v g = 0.29339ft 3 /lbm 

u j- = 48.1 1 Btu/lbm,w ? = 108.51 Btu/lbm 

v 2 = Vg@i60psia = 0.29339 ft 3 /lbm 
«2 = ^g@i 60 psia = 108.51 Btu/lbm 


P 2 =160 psia 
sat. vapor 

P e =160 psia 
sat. vapor 


K = &g@160psia = 1 17 - 20 Btu/lbm 



Q 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


"'in - "'out = ^"system m e = ™\ ~ "*2 


Energy balance : 

^in — ^out — ^-^system 

v ' . V V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

fin - m eK = m 2 u 2 ~ m \ u \ (since W = ke = pe = 0) 


The initial mass, initial internal energy, and final mass in the tank are 


m l = nij + m g = 


v f v 


+ 


8 


2 x 0.2 ft 


+ 


2 x 0.8 ft 


i/ 


/ 


(/ 


8 

8 U 8 


0.01413 £ 3 /lbm 0.29339 ft 3 /lbm 


= 7.077 + 6.476= 13.553 lbm 


U j = m x u x = m fUj- 4- m g u g = (7.077X48. 1 1)+ (6.476X108.5 1)= 1043.2 Btu 


V 


2ft 


= 


1/7 0.29339 ft 3 /lbm 


= 6.817 lbm 


Then from the mass and energy balances, 

m e = rn x - m 2 = 13.553 - 6.817 = 6.736 lbm 

Gin = '"A + '"2«2 “ '«l"l 

= (6.736 lbmXl 17.20 Btu/lbm) + (6.817 lbm)(l08.5 1 Btu/lbm) - 1043.2 Btu 

= 486 Btu 
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5-125 A rigid tank initially contains saturated R-134a liquid-vapor mixture. The tank is connected to a supply line, and R- 
134a is allowed to enter the tank. The final temperature in the tank, the mass of R-134a that entered, and the heat transfer are 
to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential energies 
are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be verified). 

Properties The properties of refrigerant are (Tables A-l 1 through A- 13) 


T x = 14°C 
x x =0.55 

P 2 = 1 MPa 
sat. vapor 

Pi =1.4 MPa 

r, =ioo°c 


t/j = v f +X l v fg = 0.0008018+ 0.55 x (0.04347 -0.0008018)= 0.02427 m 3 /kg 
u x =uj + x x Uf g = 70.56+ 0.55 x 167.30 = 162.57 kJ/kg 

= Vg@ i MPa = 0.02033 m 3 /kg 
u 2 =u g@ i MPa = 250.71 kJ/kg 


h t =330. 32 kJ/kg 


Analysis We take the tank as the system, which is a control volume 
since mass crosses the boundary. Noting that the microscopic energies 
of flowing and nonflowing fluids are represented by enthalpy h and 
internal energy u , respectively, the mass and energy balances for this 
uniform-flow system can be expressed as 


Mass balance : 


m m - m out = ^system 


—> nil = ^ — m i 


R-134a 


1.4 MPa 
100°C 



0.3 nr 
R-134a 



Energy balance : 

^in — ^out — ^^system 

' V ' . V V ' 

Net energy transfer Changein intemal,kinetic, 

by heat, work, and mass potential, etc. energies 

<2in + mjhj = m 2 u 2 - m x ii x (since W = ke = pe = 0) 

(a) The tank contains saturated vapor at the final state at 800 kPa, and thus the final temperature is the saturation 
temperature at this pressure, 

^2 ~ ^ sat @ x MPa - 39.4°C 


(b) The initial and the final masses in the tank are 


t/ 


0.3 m 


m x = 


V\ 0.02427 nr /kg 


C/ 


0.3 m 


m 2 = 


= 12.36 kg 


= 14.76 kg 


0.02033 m 7kg 
Then from the mass balance 

m i =m 2 ~ m \ — 14.76 — 12.36 = 2.396kg 

(c) The heat transfer during this process is determined from the energy balance to be 
Gin =~m i h i + m 2 u 2 -m 1 u 1 


= -(2.396 kg)(330.32 kJ/kg) + (14.76 kg)(250.71 kJ/kg)- (12.36 kg)(l 62.57 kJ/kg) 

=899kJ 
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5-126 A large reservoir supplies steam to a balloon whose initial state is specified. The final temperature in the balloon and 
the boundary work are to be determined. 

Analysis Noting that the volume changes linearly with the pressure, the final volume and the initial mass are determined 
from 


P x = 100 kPa 
T x = 150°C 


i/j = 1.9367 m 7kg (Table A-6) 


,, P 2 150 kPa 

</o = — = 


P 


m^ = — = 


100 kPa 


50 m 


1.9367 m 3 /kg 


(50 m 3 ) =75 m 3 


= 25.82 kg 


The final temperature may be determined if we first calculate specific 
volume at the final state 


t / 2 l / 2 


t/o = 


P 2 = 150 kP a 


75 m = 1.4525 m 3 /kg 


m 2 2m j 2 x (25.82 kg) 

T 2 =202.5°C (Table A-6) 


Steam 
150 kPa 



c/ 2 = 1.4525 m J /kg 

Noting again that the volume changes linearly with the pressure, the boundary work can be determined from 

(100 + 150)kPa _ 3 


W h = 


P l+ P 2 


(V-^) = 


(75-50)m =3125kJ 
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5-127 A hot-air balloon is considered. The final volume of the balloon and work produced by the air inside the balloon as it 
expands the balloon skin are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential energies are 
negligible. 4 There is no heat transfer. 

Properties The gas constant of air is 0.287 kPam/kg-K (Table A-l). 

Analysis The specific volume of the air at the entrance and exit, and in the balloon is 


RT 

v = 

P 


(0.287 kPa • m 3 /kg • K)(35 + 273 K) 
100 kPa 


0.8840 m 3 /kg 


The mass flow rate at the entrance is then 


A i v i (lm 2 )(2 m/s) , 

nij = = = 2.262 kg/s 

v 0.8840 m 3 /kg 
while that at the outlet is 

A V (0.5 m 2 )(lm/s) 


m e = 


v 0.8840 m 7kg 


= 0.5656 kg/s 


Applying a mass balance to the balloon, 

m m ~m oui — A?72 S y Stem 
m i — m e = m 2 —m x 

m 2 ~m l = (m i - m e )A t = [(2.262 - 0.5656) kg/s](2 x 60 s) = 203.6 kg 
The volume in the balloon then changes by the amount 

Al/ = (rn 2 - m, )i/ = ( 203.6 kg)( 0. 8840 m 3 /kg) = 1 80 m 3 


and the final volume of the balloon is 

t/ 2 =1^ + A(/ = 75 + 180 = 255 m 3 

In order to push back the boundary of the balloon against the surrounding atmosphere, the amount of work that must be done 
is 


W 6i0ut = PA V = (100 kPa)(180 m 3 


) 


V 


lkJ 

lkPa-m 3 


\ 

J 


18,000kJ 
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5-128 An insulated rigid tank initially contains helium gas at high pressure. A valve is opened, and half of the mass of 
helium is allowed to escape. The final temperature and pressure in the tank are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process by using constant average properties for the helium leaving the tank. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions involved. 4 The tank is insulated and thus heat transfer is 
negligible. 5 Helium is an ideal gas with constant specific heats. 


Properties The specific heat ratio of helium is k =1.667 (Table A-2). 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 


Mass balance : 


m,„ — m out = A m c 


in 


system 


m e = m l —m 2 


m 2 = \ m \ (gi ven ) > m e = m 2 = \ m \ 

Energy balance : 

^in — £out — ^-^system 

V v ' . ' V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 



- m e h e = m 2 ii 2 - ni x u x (since W = Q = ke = pe = 0) 

Note that the state and thus the enthalpy of helium leaving the tank is changing during this process. But for simplicity, we 
assume constant properties for the exiting steam at the average values. 


Combining the mass and energy balances: 


0 = \m x h e + ^m x u 2 — m x u x 


Dividing by m x !2 
Dividing by cj. 

Solving for T 2 : 


0 = h e +u 2 - 2 u x or 0 = c p 


Q = k(T l +T 2 )+2T 2 -AT l 

T =ii zJ2t _ ( 4 ~ 1 - 667 ) 
2 (2 + k) 1 (2 + 1.667) 


r, +7- 


cj 2 ~2 c v T x 


since k = c p I c v 


(403 K)= 257 K 


The final pressure in the tank is 


P X V m x RT x 
P 2 V m 2 RT 2 


”h T 2 

m x T x 


Px 


1 257 

(3000 kPa) = 956 kPa 

2 403 
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5-129E An insulated rigid tank equipped with an electric heater initially contains pressurized air. A valve is opened, and air 
is allowed to escape at constant temperature until the pressure inside drops to 25 psia. The amount of electrical work 
transferred is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform- flow process since the exit temperature (and enthalpy) of air remains constant. 2 Kinetic and 
potential energies are negligible. 3 The tank is insulated and thus heat transfer is negligible. 4 Air is an ideal gas with 
variable specific heats. 

• • *3 

Properties The gas constant of air is R =0.3704 psia.ft/lbm.R (Table A- IE). The properties of air are (Table A-17E) 


T i = 580 R 
7] = 580 R 
T 2 = 580 R 


» hj- 138.66 Btu/lbm 

■» u x = 98.90 Btu/lbm 

-> u 2 = 98.90 Btu/lbm 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 


Mass balance : 


m m ~ m out = System m e = m \ ~ 


Energy balance : 


^in ^out 


A E e 


system 


Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

W Q i n ~ m e h e = m 2 u 2 - m l u l (since Q = ke = pe = 0) 
The initial and the final masses of air in the tank are 

p y /cn \l/in 3 


m, = 


= 


P 2 V 


(o.3704 psia • ft Vlbm- r) 

04 

O 

OO 

*0. 

(25 psia )(40 t 3 ) 


(0.3704 psia -tVlbm-R 

lTT 

OO 

0 


= 9.310 lbm 


= 4.655 lbm 



Then from the mass and energy balances, 

m e = m x - m 2 =9.310 -4.655 = 4. 655kg 

W e ,in = m e h e + m 2 u 2 ~ m l u l 

= (4.655 lbm)(l38.66 Btu/lbm) + (4.655 lbm)(98.90 Btu/lbm)- (9.310 lbm)(98.90 Btu/lbm) 

= 185 Btu 
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5-130 A vertical cylinder initially contains air at room temperature. Now a valve is opened, and air is allowed to escape at 
constant pressure and temperature until the volume of the cylinder goes down by half. The amount air that left the cylinder 
and the amount of heat transfer are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air remains constant. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions other than boundary work. 4 Air is an ideal gas with 
constant specific heats. 5 The direction of heat transfer is to the cylinder (will be verified). 

Properties The gas constant of air is R = 0.287 kPa.mVkg.K (Table A-l). 

Analysis {a) We take the cylinder as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 


Mass balance : 

"'in - "'out = ^"system m e = "'l ~ m 2 


Energy balance : 

F - F = A F 

^in ^out ^^system 

V v ' . V V ' 

Net energy traisfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Q m + Wb,in m e h e = m 2 u 2 m x u x (since ke = pe = 0) 


The initial and the final masses of air in the cylinder are 

_ P M _ (300 kPa)(o.2 nr 3 ) 

1 RT X (o.287 kPa • m 3 /kg • k\i93 k) 
P 2 V 2 (300kPa)(o.lm 3 ) 

RT 2 (o. 287 kPa • m 3 /kg • k\i93 k) 


0.714 kg 
= 0.357 kg 




AIR 
300 kPa 
0.2 m 3 
20°C 



Then from the mass balance, 


m e = m x - m 2 = 0.7 14 - 0.357 = 0.357 kg 


(b) This is a constant pressure process, and thus the W h and the A U terms can be combined into AH to yield 

Q = m e h e + ^ /?2 — m x h x 

Noting that the temperature of the air remains constant during this process, we have 
hi = hi - h 2 - h. 

Also, 

m e =m 2 = ^m x . 

Thus, 

Q = {\ m x +2 mx - m ^jh = 0 
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5-131 A vertical piston-cylinder device contains air at a specified state. Air is allowed to escape from the cylinder by a 
valve connected to the cylinder. The final temperature and the boundary work are to be determined. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Analysis The initial and final masses in the cylinder are 


m x = 


PV\ _ (600kPa)(0.25 nr ) 

RT X ~ (0.287 kJ/kg.K)(300 + 273 K) 


= 0.9121m 3 


m 2 =0.25 m x =0.25(0.9121 kg) = 0.2280 kg 
Then the final temperature becomes 


T 2 = 


PV 2 

m 2 R 


(600 kPa)(0.05 nr ) 



= 458. 4K 


(0.2280 kg)(0.287 kJ/kg.K) 

Noting that pressure remains constant during the process, the boundary work is determined from 
W b =P(V ] - (/ 2 ) = (600 kPa)(0. 25 - 0. 05 )m 3 =120 kJ 
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5-132 A cylinder initially contains superheated steam. The cylinder is connected to a supply line, and is superheated steam is 
allowed to enter the cylinder until the volume doubles at constant pressure. The final temperature in the cylinder and the 
mass of the steam that entered are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 The expansion process is 
quasi-equilibrium. 3 Kinetic and potential energies are negligible. 3 There are no work interactions involved other than 
boundary work. 4 The device is insulated and thus heat transfer is negligible. 


Properties The properties of steam are (Tables A-4 through A-6) 

P x = 500 kPa 1 t/j = 0.42503 m 3 /kg 
T x = 200°C } u x = 2643.3 kJ/kg 


P t = 1 MPa 
T i = 350°C 


\h i =3158.2 kJ/kg 


Analysis {a) We take the cylinder as the system, which is a control 
volume since mass crosses the boundary. Noting that the microscopic 
energies of flowing and nonflowing fluids are represented by enthalpy 
h and internal energy w, respectively, the mass and energy balances for 
this uniform-flow system can be expressed as 


Mass balance : m in — m out = Ara system — » m i = m 2 — m x 


P = 500 kPa 
T x = 200°C 
V, = 0.01 m 3 
Steam 


l 


T 


Pi = 1 MPa 
Ti = 350°C 

D < — 


Energy balance : 



v 

Net energy tnnsfer 
by heat, work, and mass 


A F 

^^system 

s. j 

V 

Changein internal, kinetic, 
potential, etc. energies 


mfri — W b out + m 2 u 2 - ni x u x (since Q = ke 


pe = 0) 


Combining the two relations gives 

0 = Wb.out - iph - m \ ) h i + m 2 lt 2 - m \ u \ 

The boundary work done during this process is 


2 

f ‘ PdV = P(c/, - (/, ) = (500 kPaX0.02- 0.0l)m 3 

^ lkJ 

J 1 

^1 kPa - m j 


= 5 kJ 


The initial and the final masses in the cylinder are 


m, = — = 


0.01m' 


1 c/! 0.42503 m 3 /kg 


= 0.0235 kg 


/72o = 


t/ 2 0.02 m 3 


c/ 


c/ 


Substituting, 


0 = 5- 


0.02 


V ^2 


-0.0235 


0.02 


(3158.2)+ — — u 2 -(0.0235)(2643.3) 

t/o 


Then by trial and error (or using EES program), 
T 2 = 261. 7°C and i/ 2 = 0.4858 m 3 /kg 
( b ) The final mass in the cylinder is 




0.02 m 


nto = 


= 0.0412 kg 


^2 0.4858 m /kg 

Then, m. = m 2 - m x = 0.0412 - 0.0235 = 0.0176 kg 
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5-133 The air in an insulated, rigid compressed-air tank is released until the pressure in the tank reduces to a specified 
value. The final temperature of the air in the tank is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential energies are 
negligible. 4 There are no work interactions involved. 5 The tank is well-insulated, and thus there is no heat transfer. 

Properties The gas constant of air is 0.287 kPam/kg-K (Table A-l). The specific heats of air at room temperature are c p = 
1.005 kJ/kg-K and c v = 0.718 kJ/kg-K (Table A-2 a). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


m in m out ~ ^ m systern 

— m e = m 2 — m x 
m e = m x — m 2 


Energy balance : 

fin ~ -^out — ^-^system 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

— m e h e =m 2 u 2 -m x u x 

0 = m 2 u 2 -m x u x + m e h e 
o = m 2 cj 2 -m x cJ x +m e c p T e 


Combining the two balances : 


0 = m 2 c l/ T 2 -m x cJT x +(m x -m 2 )c p T e 



The initial and final masses are given by 


P X V (4000 kPa)(0.5 m 3 ) 

m x = = 

RT X (0.287 kPa • m 3 /kg • K)(20 + 273 K) 

P 2 V (2000 kPa)(0.5 m 3 ) 3484 

m 2 = = = 

RT 2 (0.287 kPa-m 3 /kg -K)r 2 T 2 


23.78 kg 


The temperature of air leaving the tank changes from the initial temperature in the tank to the final temperature during the 
discharging process. We assume that the temperature of the air leaving the tank is the average of initial and final 
temperatures in the tank. Substituting into the energy balance equation gives 


0 = m 2 cj 2 ~m x cj x +(m x ~m 2 )c p T e 


0 = 


3484 

Tn 


(0.718 )T 2 -(23.78)(0.718)(293) + 


23.78 


3484" 


f 


(1.005)^ 


293 + r 2 
2 


A 


J 


whose solution by trial-error or by an equation solver such as EES is 

T 2 =241K = -32°C 
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5-134 An insulated piston-cylinder device with a linear spring is applying force to the piston. A valve at the bottom of the 
cylinder is opened, and refrigerant is allowed to escape. The amount of refrigerant that escapes and the final temperature of 
the refrigerant are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process assuming that the state of fluid leaving the device remains constant. 2 Kinetic and 
potential energies are negligible. 

Properties The initial properties of R-134a are (Tables A-l 1 through A- 13) 

p - 1 4 MPa] 1/1 = 0-02039 m /kg 
1 ' Lq =323.57 kJ/kg 

r, = i20°c 

1 ] h x =352.11 kJ/kg 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : m in - m OLlt = Am tem — » m e = m { — np 


Energy balance : 


- £out 


A E. 


system 


Net energy transfer Changein intemal,kinetic, 
by heat, work, and mass potential, etc. energies 


W h in - m e h e = m 2 u 2 - m l u l (since Q = ke = pe = 0) 
The initial mass and the relations for the final and exiting masses are 




m, = 


0.8m 


‘ 0.02039 m 3 /kg 


= 39.24 kg 


IA 0.5 m 3 


171 2 = 


1+ 


V > 


m e = m x - m 2 = 39.24 - 


0.5 m 


ia 



Noting that the spring is linear, the boundary work can 




P + Pn 


Wi-V 2 ) = 


(1400 + 700) kPa 


be determined from 
(0.8- 0.5)m 3 =315kJ 


Substituting the energy balance, 


315 - 


39.24- 


0.5 m 


3 > 


1/ 


K = 


^0.5m n 


v v 2 y 


u 2 - (39.24 kg)(323.57 kJ/kg) (Eq. 1) 


where the enthalpy of exiting fluid is assumed to be the average of initial and final enthalpies of the refrigerant in the 
cylinder. That is, 

f h x +h 2 (352. 11 kJ/kg) + /z 2 

h e = = 

2 2 

Final state properties of the refrigerant (/z 2 , u 2 , and t/ 2 ) are all functions of final pressure (known) and temperature (unknown). 
The solution may be obtained by a trial-error approach by trying different final state temperatures until Eq. (1) is satisfied. 

Or solving the above equations simultaneously using an equation solver with built-in thermodynamic functions such as EES, 
we obtain 

T 2 = 96.2°C, m e = 26.8 kg, h 2 = 334.51 kJ/kg, 
u 2 = 306.43 kJ/kg, ^ = 0.0401 1 m 3 /kg, m 2 = 12.47 kg 
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Review Problems 


5-135 The air in a hospital room is to be replaced every 15 minutes. The minimum diameter of the duct is to be determined 
if the air velocity is not to exceed a certain value. 

Assumptions 1 The volume occupied by the furniture etc in the room is negligible. 2 The incoming conditioned air does not 
mix with the air in the room. 

Analysis The volume of the room is 

(/= (6 m)(5 m)(4 m) = 120 m 3 

To empty this air in 20 min, the volume flow rate must be 

3 


0 = — = 120 m = 0.1333 m 3 /s 
At 15 x 60s 

If the mean velocity is 5 m/s, the diameter of the duct is 

.2 


7rD‘ 

l / = AV = - — V -> D = 


W 


7rV \ 


4(0. 1333 m7s) 


7i{5 m/s) 


0.184m 


Hospital 

Room 

6x5x4 nr 
10 bulbs 


Therefore, the diameter of the duct must be at least 0.184 m to ensure that the air in the room is exchanged completely 
within 20 min while the mean velocity does not exceed 5 m/s. 

Discussion This problem shows that engineering systems are sized to satisfy certain constraints imposed by certain 
considerations. 


5-136 A long roll of large 1-Mn manganese steel plate is to be quenched in an oil bath at a specified rate. The mass flow 
rate of the plate is to be determined. 

Assumptions The plate moves through the bath steadily. 

Properties The density of steel plate is given to be p = 7854 kg/m . 

Analysis The mass flow rate of the sheet metal through the oil bath is 

m = pO = pwtV = (7854 kg/m 3 )(1 m)(0.005 m)(10 m/m in) = 393 kg/min = 6. 55 kg/s 
Therefore, steel plate can be treated conveniently as a ‘"flowing fluid” in calculations. 


Steel plate 
10 m/min 
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5-137 Air is accelerated in a nozzle. The density of air at the nozzle exit is to be determined. 
Assumptions Flow through the nozzle is steady. 

Properties The density of air is given to be 4.18 kg/m at the inlet. 

Analysis There is only one inlet and one exit, and thus m x =m 2 =m. Then, 


m { = m 2 


1 


P\A l V l - P2A2V2 

A\ V x 


Pi = 


P\ = 2 ' 2 ° m/S (4.18 kg/m 3 ) = 2.64 kg/m 3 



A 2 V 2 380 m/s 

Discussion Note that the density of air decreases considerably despite a decrease in the cross-sectional area of the nozzle. 


5-138 An air compressor consumes 6.2 kW of power to compress a specified rate of air. The flow work required by the 
compressor is to be compared to the power used to increase the pressure of the air. 


Assumptions 1 Flow through the compressor is steady. 2 Air is an ideal gas. 
Properties The gas constant of air is 0.287 kPam/kg-K (Table A-l). 
Analysis The specific volume of the air at the inlet is 


0.8 MPa 


V\ = 


RT, (0.287 kPa • m 3 /kg • K)(20_ ± 273K) = ^ 


P 


120 kPa 


The mass flow rate of the air is 


m = 


l/, 


1/. 



0.015 m /s 


= 0.02140 kg/s 


1 0.7008 m /kg 

Combining the flow work expression with the ideal gas equation of state gives the flow work as 
w fl ow =P 2 ^i~ p \ "x = W 2 ~ T \) = (0- 2 87 kJ/kg • K)(300 - 20)K = 80. 36kJ/kg 
The flow power is 

^flow = mw aow = (0.02140 kg/s)(80.36 kJ/kg) = 1.72kW 


The remainder of compressor power input is used to increase the pressure of the air: 
w =Wto tal ,,„ -W flow = 6.2-1.72 = 4.48KW 
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5-139 Saturated refrigerant- 1 34a vapor at a saturation temperature of T sat = 34°C condenses inside a tube. The rate of heat 
transfer from the refrigerant for the condensate exit temperatures of 34°C and 20°C are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 Kinetic and potential energy changes are negligible. 3 There are no work 
interactions involved. 

Properties The properties of saturated refrigerant- 1 34a at 34°C are hf = 99.41 kJ/kg, h g = 268.61 kJ/kg, and h ig = 169.21 
kJ/kg. The enthalpy of saturated liquid refrigerant at 20°C is h f = 79.32 kJ/kg (Table A-l 1). 

Analysis We take the tube and the refrigerant in it as the system. This is a control volume since mass crosses the system 

boundary during the process. We note that there is only one inlet and one exit, and thus m x = ti^ = m . Noting that heat is 

lost from the system, the energy balance for this steady-flow system can be expressed in the rate form as 

77 _ 77 _ a 77 ^0 (steady) _ /-« 

^in ^ out '^-'system u 

^ v ' V V ' 

Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

mh x = Q out + mh 2 (since Ake = Ape = 0) 

Gout = rh(h x ~ h 2 ) 


Gout 



where at the inlet state h x = h g = 268.61 kJ/kg. Then the rates of 
heat transfer during this condensation process for both cases become 
Case 1: T 2 = 34°C: h 2 = h f@3r c = 99.41 kJ/kg. 

2 out = (0. 1 kg/min)(268. 61 - 99.41) kJ/kg = 1 6.9 kg/mi n 
Case 2 : T 2 = 20°C: h 2 = /i f@2 o°c =79.32 kJ/kg. 

e out = (0 . 1 kg/min)(268. 61 - 79. 32) kJ/kg = 18.9 l^/min 

Discussion Note that the rate of heat removal is greater in the second case since the liquid is subcooled in that case. 
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5-140 Steam expands in a turbine whose power production is 12,350 kW. The rate of heat lost from the turbine is to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 


Properties From the steam tables (Tables A-6 and A-4) 


P x =1.6 MPa 
r, = 350°C 
T 2 = 30°C 


h x = 3146.0kJ/kg 


x 2 =1 


h 2 = 2555.6 kJ/ kg 


Analysis We take the turbine as the system, which is a control volume since mass 
crosses the boundary. Noting that there is one inlet and one exiti the energy balance for 
this steady-flow system can be expressed in the rate form as 


E m ~ E oM 

V J 

V 

Rate of net energy transfer 
by heat, work, and mass 


a b <^0 (steady) 
system 

v. J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= o 



™\h\ =m 2 h 2 +W out +Q out 
Gout = mQh -h 2 )-W out 


1.6 MPa 

350°C Heat 



Substituting, 

Q out = (22 kg/s)(3 146. 0 - 2555.6) kJ/kg - 12,350 kW = 640 kW 
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5-141E Nitrogen gas flows through a long, constant-diameter adiabatic pipe. The velocities at the inlet and exit are to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Nitrogen is an ideal gas with constant 
specific heats. 3 Potential energy changes are negligible. 4 There are no work interactions. 5 The re is no heat transfer from 
the nitrogen. 

Properties The specific heat of nitrogen at the room temperature iss c p = 0.248 Btu/lbm-R (Table A-2Ea). 

Analysis There is only one inlet and one exit, and thus m x — m 2 = m . We take the pipe as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 



v 

Rate of net energy transfer 
by heat, work, and mass 


A E B 


710 (steady) 


system 


= 0 


Rate of changein internal, kinetic, 
potential, etc. energies 




m{hi +Vi 12) 

\ +Vf/2 

v , 2 -vi 

2 


m(h 2 + V 2 /2) 
h 2 + V 2 12 

c p {T 2 -T0 


100 psia N 2 50 psia 

120°F ► 70°F 


Combining the mass balance and ideal gas equation of state yields 


772 1 = m 2 

A\V\ a 2 v 2 


V 


v 2 = 


V 


A ^ 

A (/, 


■v,= 


(/ 


C/, 


■Vt = 


p 2 


v, 


Substituting this expression for V 2 into the energy balance equation gives 


Vi = 


“i 0-5 


2c p (T 2 -T x ) 


1- 


t 2 p x 


\2 


y T \ p 2 j 


~\ 0.5 


2(0.248)(70-120) 


1- 


^530 100^ 2 


580 50 


2 ,2 


25,037 ft z /s 
1 Btu/lbm 


= 51 5 ft/s 


The velocity at the exit is 


v 2 = 


7 ; p. 


p 2 


V, = 


530 100 


580 50 


515 =941ft/s 
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5-142 Water at a specified rate is heated by an electrical heater. The current is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The heat losses from the water is negligible. 

Properties The specific heat and the density of water are taken to be c p = 4.18 kJ/kg°C and p = 1 kg/L (Table A-3). 

Analysis We take the pipe in which water is heated as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


T7 — T7 — A/7 ^0 (steady) 

^in ^out — ZAi - / system 

^ v ' . V V / 

Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

mh x + W ein = mh 2 

^e,in =m(h 2 -h\) 

\I = rhc p (T 2 -T0 


18°C 
0.1 L/s 



30°C 


The mass flow rate of the water is 


m = pO = (X kg/L)(0. 1 L/s) = 0. 1 kg/s 


Substituting into the energy balance equation and solving for the current gives 


™ C P ( T 2 ~ T i ) 

V 


(0. 1 kg/s)(4. 1 8 kJ/kg • K)(30 - 1 8)K 
110V 


^looo vr 

v lkJ/s , 


45.6 A 
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5-143 Steam flows in an insulated pipe. The mass flow rate of the steam and the speed of the steam at the pipe outlet are to 
be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions. 

Analysis We take the pipe in which steam flows as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 



Rate o f net en erg y trai sfer 
by heat, work, and mass 


a 77 ^0 (steady) 

LAr ' system 

V j 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 



1200 kPa, 250°C 

Water 

1000 kPa 

D = 0.15 m, 4 m/s 

► 

£> = 0.1 m 


The properties of the steam at the inlet and exit are (Table A-6) 

P = 1200kPa It/j =0.19241 m 3 /kg 
T = 250°C J h x = 2935 .6 kJ/kg 


P 7 =1000 kPa , 

2 \ i/o =0.23099 m 3 /kg 

h 2 =h x = 2935.6 kJ/kg J 

The mass flow rate is 


A,V, 7rD? V, /z-(0.15m) 2 4 m/s 

m = = = 

t/j 4 (/j 4 0. 19241 m 3 /kg 


0.3674kg/s 


The outlet velocity will then be 

y = mv 2 = 4lil{/ 2 = 4(0.3674 kg/s)(Q.23099m 3 /kg) =1Q 8m/ ^ 
A 2 tzD\ /z-(O.lOm) 2 
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5-144 Air flows through a non-constant cross-section pipe. The inlet and exit velocities of the air are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy change is negligible. 3 
There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 5 Air is an ideal gas with 
constant specific heats. 


• 3 

Properties The gas constant of air is R = 0.287 kPa.m 7kg. K. Also, c p = 1.005 kJ/kg.K for air at room temperature (Table A- 
2 ) 


Analysis We take the pipe as the system, which is a 
control volume since mass crosses the boundary. The 
mass and energy balances for this steady-flow system 
can be expressed in the rate form as 

Mass balance: 


™in-™out = ^system 


7IQ (steady) _ 


= 0 



m \n = ™out 


-> p\A\V\ - p 2 A 2 V 2 


P x nD 


RT X 4 


■Vi = 


P 2 nD 
RD 4 


-V, 


-> — D x 2 V x = 


7i 


To 


2 V 2 


Energy balance: 


4-4ut = System 710 (Steady) =0 since W = Ape 

^ v ' . v V ' 

Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 




^ h x + 




+ < ?out 


0) 


or 


c p t i 


V, 


= C p T 2 


V- 


q 


out 


Assuming inlet diameter to be 1.4 m and the exit diameter to be 1.0 m, and substituting given values into mass and energy 
balance equations 


"200 kPa^ 
v 338 K y 


(1.4 m) 2 



"175 kPa 
v 333 K 


\ 

(1.0m) 2 y 2 

) 


(1) 


(1.005 kJ/kg.K)(338K) + 




lkJ/kg 


2/2 


1000 m"/s 


= (1.005 kJ/kg.K)(333K) + 




lkJ/kg 


1000 m 2 /s 2 


+ 3.3kJ/kg (2) 


There are two equations and two unknowns. Solving equations (1) and (2) simultaneously using an equation solver such as 
EES, the velocities are determined to be 


V, = 29.9 m/s 
V 2 = 66.1 m/s 
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5-145 Heat is lost from the steam flowing in a nozzle. The exit velocity and the mass flow rate are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change 
with time. 2 Potential energy change is negligible. 3 There are no 
work interactions. 


Analysis (a) We take the steam as the system, which is a control 
volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 

Energy balance: 



Rate of net energy transfer 
by heat, work, and mass 


a 77 ^0 (steady) 

^-^system 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 




or 

^2 =V 2 ( /7 l _/, 2-4out) 

The properties of steam at the inlet and exit are (Table A-6) 


P x = 200 kPa 
T x = 150°C 


>h x = 2769.1 kJ/kg 


P 2 = 75 kPal t/ 2 = 2.2172 m 3 /kg 
sat. vap. j h 2 = 2662.4 kJ/kg 

Substituting, 

V 2 =j2(h, -h 2 — g t ) = 2(2769. 1-2662.4 -26)kJ/kgf lkJ/kg - 1 = 401.7m/s 

V V1000m 2 /s 2 ) 

(b) The mass flow rate of the steam is 

m = — A 2 V 2 = 1 — (0.001 m 2 )(401.7 m/s) = 0.1 81kg/s 

«/ 2 2.2172 m 3 /kg 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



5-119 


5-146 Water is boiled at a specified temperature by hot gases flowing through a stainless steel pipe submerged in water. The 
rate of evaporation of is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat losses 
from the outer surfaces of the boiler are negligible. 

Properties The enthalpy of vaporization of water at 180°C is 
hf g = 2014.2 kJ/kg (Table A-4). 

Analysis The rate of heat transfer to water is given to be 48 kJ/s. 
Noting that the enthalpy of vaporization represents the amount of 
energy needed to vaporize a unit mass of a liquid at a specified 
temperature, the rate of evaporation of water is determined to be 


m 


^boiling 


48 kJ/s 


evaporation 


h 


fg 


2014.2 kJ/kg 


= 0.0238 kg/s 



5-147 Saturated steam at 1 atm pressure and thus at a saturation temperature of r sat = 100°C condenses on a vertical plate 
maintained at 90°C by circulating cooling water through the other side. The rate of condensation of steam is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 The steam condenses and the condensate drips off at 100°C. (In reality, 
the condensate temperature will be between 90 and 100, and the cooling of the condensate a few °C should be considered if 
better accuracy is desired). 

Properties The enthalpy of vaporization of water at 1 atm (101.325 kPa) 
is /i fg = 2256.5 kJ/kg (Table A-5). 

Analysis The rate of heat transfer during this condensation process is 
given to be 180 kJ/s. Noting that the heat of vaporization of water 
represents the amount of heat released as a unit mass of vapor at a 
specified temperature condenses, the rate of condensation of steam is 
determined from 


777 • — 

condensatbn 


Q _ 180kJ/s 

h ~ 2256.5 kJ/kg 

Jo 


= 0.0798kg/s 
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5-148E Saturated steam at a saturation pressure of 0.95 psia and thus at a saturation temperature of r sat = 100°F (Table A- 
4E) condenses on the outer surfaces of 144 horizontal tubes by circulating cooling water arranged in a 12 x 12 square array. 
The rate of heat transfer to the cooling water and the average velocity of the cooling water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The tubes are 
isothermal. 3 Water is an incompressible substance with constant 
properties at room temperature. 4 The changes in kinetic and potential 
energies are negligible. 

Properties The properties of water at room temperature are p = 62. 1 
lbm/ft 3 and c p = 1.00 Btu/lbm.°F (Table A-3E). The enthalpy of 
vaporization of water at a saturation pressure of 0.95 psia is h {g = 
1036.7 Btu/lbm (Table A-4E). 

Analysis {a) The rate of heat transfer from the steam to the cooling 
water is equal to the heat of vaporization released as the vapor 
condenses at the specified temperature, 



Saturated 
steam 
0.95 psia 


(c 

(£ 

(s 

(s 

(£ 


Q = mh fg = (6800 lbm/h)(1036.7Btu/lbm)= 7,049,560 Btu/h = 1958 Btu/s 


(b) All of this energy is transferred to the cold water. Therefore, the 
mass flow rate of cold water must be 


5 


2 ) 


2 ) 


5 



Cooling 

water 


0=« J waterCpAr -> 


m 


Q 


water 


c p AT 


1958 Btu/s 

(1.00 Btu/lbm.°F)(8°F) 


244.8 lbm/s 


Then the average velocity of the cooling water through the 144 tubes becomes 


m = pAV 


-> V = 


m 


pA 


m 

pinxD 2 / 4) 


244.8 lbm/s 

(62. 1 lbm/S 3 >[144^(1/12 ft) 2 / 4] 


5.02ft/s 
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5-149 The feedwater of a steam power plant is preheated using steam extracted from the turbine. The ratio of the mass flow 
rates of the extracted seam the feedwater are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the device to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 


Properties The enthalpies of steam and feedwater at are (Tables A-4 through A- 6 ) 


P x = 1 MPa 
T x = 200°C 
P x = 1 MPa 
sat. liquid 


h x = 2828.3 kJ/kg 

^2 = hf @ iMPa = 762.51 kJ/kg 
T 2 = 179. 9°C 


and 


P 3 =2.5 MPa 
T 3 =50°C 

P 4 =2.5 MPa 


^ h 3 =h f@5()ac = 209.34 kJ/kg 


T 4 =T 2 - 10 = 170°C 


[■ ^4 = hf @ i7cpc — 718.55 kJ/kg 


STEAM 



Analysis We take the heat exchanger as the system, which is a control volume. The mass and energy balances for this steady - 
flow system can be expressed in the rate form as 

Mass balance (for each fluid stream): 


"'in - "'out = ^''system 710 <Stea<iy) = "'in = "'out^ "'l = m 2 = md "% = "'4 = "'fw 

Energy balance (for the heat exchanger): 

77 _ 77 _ a 17 (steady) _ y~v 

^in ^out “ A-^system — U 

^ / V v ' 

Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

K = 4u t 

m x h x + m 3 h 3 = m 2 h 2 + m 4 h 4 (since Q-W - Ake = Ape = 0) 


Combining the two, 

m s (h 2 -h l )=m fw (h 3 -h 4 ) 

Dividing by rhj M . and substituting, 

m s _ h 3 -h 4 _ (718.55 -209.34)kJ/kg _ 24g 

"V ~ h 2~ h \ ~ (2828-3- 762.5 l)kJ/kg ~ 
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5-150 Cold water enters a steam generator at 20°C, and leaves as saturated vapor at T sat = 200°C. The fraction of heat used 
to preheat the liquid water from 20°C to saturation temperature of 200°C is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the steam generator are negligible. 3 The specific heat 
of water is constant at the average temperature. 


Properties The heat of vaporization of water at 200°C is hf g = 1939.8 kJ/kg (Table A-4), and the specific heat of liquid 
water is c = 4.18 kJ/kg. °C (Table A-3). 


Analysis The heat of vaporization of water represents the 
amount of heat needed to vaporize a unit mass of liquid at 
a specified temperature. Using the average specific heat, 
the amount of heat transfer needed to preheat a unit mass 
of water from 20 °C to 200°C is 

^ preheating “ ’ ^ AT 

= (4.18 kJ/kg • °C)(200 - 20)°C 
= 752.4 kJ/kg 

and 

*7 total — boiling *7 preheating 

= 1939.8 + 364. 1 = 2692.2 kJ/kg 



Therefore, the fraction of heat used to preheat the water is 


Fraction to preheat = jr ieheatin& = - 0.2795 (or 28 . 0 %) 

*7 total 2692.2 
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5-151 Cold water enters a steam generator at 20°C and is boiled, and leaves as saturated vapor at boiler pressure. The boiler 
pressure at which the amount of heat needed to preheat the water to saturation temperature that is equal to the heat of 
vaporization is to be determined. 

Assumptions Heat losses from the steam generator are negligible. 

Properties The enthalpy of liquid water at 20 °C is 83.91 kJ/kg. Other properties needed to solve this problem are the heat of 
vaporization h fg and the enthalpy of saturated liquid at the specified temperatures, and they can be obtained from Table A -4. 

Analysis The heat of vaporization of water represents the amount of heat needed to vaporize a unit mass of liquid at a 
specified temperature, and A h represents the amount of heat needed to preheat a unit mass of water from 20 °C to the 
saturation temperature. Therefore, 


preheating ^boiling 
( h f@T„ ~ h f@ 20°C ) = h fg@ T sat 

h f@T sel -83.91 kJ/kg = h fg @ -> h f@T ^ ~h fg@T ^ 

The solution of this problem requires choosing a boiling 
temperature, reading hf and /z fg at that temperature, and 
substituting the values into the relation above to see if it is 
satisfied. By trial and error, (Table A-4) 

At 310°C: h MTm -h fg@Tm = 1402.0 - 1325.9 = 76.1 kJ/kg 

At 315°C: h MTm -h fg@Tm = 1431.6 - 1283.4 = 148.2 kJ/kg 


83.91 kJ/kg 


Cold water 
20°C 

>(X 




y 


Steam 

HB — > 


Water 




Heater 


The temperature that satisfies this condition is determined from the two values above by interpolation to be 310.6°C. The 
saturation pressure corresponding to this temperature is 9.94 MPa. 


5-152 An ideal gas expands in a turbine. The volume flow rate at the inlet for a power output of 650 kW is to be determined 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Properties The properties of the ideal gas are given as R = 0.30 kPa.m /kg.K, c p =1.13 kJ/kg- °C, c v = 0.83 kJ/kg°C. 

Analysis We take the turbine as the system, which is a control volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 



v 

Rate of net energy transfer 
by heat, work, and mass 


a 17 *0 (steady) 

^^system 

k. J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= 0 



= E, 


out 


->mh x = W out + riih 2 (since Q = Ake = Ape = 0) 


which can be rearranged to solve for mass flow rate 


W 


m = 


out 


w. 


out 


^1 ^2 C p ( T -. 1 T 2 ) 


650 kW 

(1. 13kJ/kg.K)(1200 - 800)K 


= 1.438 kg/s 


The inlet specific volume and the volume flow rate are 

RT X (o.3 kPa • m 3 /kg • k)( 1200 K) ^ ^ 3/l 

i/, = — L = A ^ = 0.4 m /kg 

P x 900 kPa 

Thus, 0 = mv x = (1.438 kg/s)(0.4 m 3 /kg) = 0.575m 3 /s 


P x = 900 kPa 
T x = 1200 K 
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5-153 Chickens are to be cooled by chilled water in an immersion chiller. The rate of heat removal from the chicken and the 
mass flow rate of water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The thermal properties of chickens and water are constant. 

Properties The specific heat of chicken are given to be 3.54 kJ/kg.°C. The specific heat of water is 4.18 kJ/kg.°C (Table A- 
3). 


Analysis (a) Chickens are dropped into the chiller at a rate of 500 per hour. Therefore, chickens can be considered to flow 
steadily through the chiller at a mass flow rate of 

^chicken = (500 chicken / h)(2.2 kg / chicken) = 1 100 kg / h = 0.3056kg / s 


Taking the chicken flow stream in the chiller as the system, 
the energy balance for steadily flowing chickens can be 
expressed in the rate form as 

r _ r _ a 17 ^*0 (steady) _ /~v 

Mn ^out — ZA/ - / system — u 

^ v ' . v V ' 

Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

mh x - Q out + mh 2 (since Ake = Ape = 0) 

2out = Gchicken = ^chicken C /?(^l “ 

Then the rate of heat removal from the chickens as they are cooled 
from 15°C to 3°C becomes 


Immersion 


chilling. 0.5°C 



Gchicken =(™c p AT) chicken = (0.3056 kg/s)(3.54 kJ/kg.°C)(15 - 3)° C = 13.0 kW 


The chiller gains heat from the surroundings at a rate of 200 kJ/h = 0.0556 kJ/s. Then the total rate of heat gain by the water 
is 


Swater = Gchicken + 4 eat gain = 13.0 + 0.056 = 13.056kW 

Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass flow rate of water must 
be at least 


m 


Q 


water 


13.056 kW 


water 


= 1.56 kg/s 


(c p A T) water (4.18kJ/kg.°C)(2 0 C) 

If the mass flow rate of water is less than this value, then the temperature rise of water will have to be more than 2°C. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


5-125 

5-154 Chickens are to be cooled by chilled water in an immersion chiller. The rate of heat removal from the chicken and the 
mass flow rate of water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The thermal properties of chickens and water are constant. 3 Heat gain 
of the chiller is negligible. 

Properties The specific heat of chicken are given to be 3.54 kJ/kg.°C. The specific heat of water is 4. 18 kJ/kg.°C (Table A- 
3). 

Analysis ( a ) Chickens are dropped into the chiller at a rate of 500 per hour. Therefore, chickens can be considered to flow 
steadily through the chiller at a mass flow rate of 


ra ch icken - (500 chicken / h)(2.2 kg / chicken) = 1 100 kg / h = 0.3056kg / s 


Taking the chicken flow stream in the chiller as the system, the energy 
balance for steadily flowing chickens can be expressed in the rate form 
as 


77 _ 77 _ a 77 ^*0 (steady) _ 

^in ^out ” system “ u 

v ' . v V ' 

Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

mh x = Q out + mh 2 (since Ake = Ape = 0) 

Qoul — ^chicken — ^chicken*' /?(-^l — -^2) 

Then the rate of heat removal from the chickens as they are cooled from 
15°C to 3°C becomes 


Immersion 


chilling, 0.5°C 



Gchrcken <"ic P A^) chicken = (0.3056 kg/s)(3.54 kJ/kg.°C)(15 - 3 )° C = 13.0 kW 
Heat gain of the chiller from the surroundings is negligible. Then the total rate of heat gain by the water is 
0 water = Gchicken = 13.0 kW 

Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass flow rate of water 
must be at least 


m 


Q 


water 


13.0kW 


water 


= 1.56 kg/s 


(c p AD water (4.18kJ/kg.°C)(2 0 C) 

If the mass flow rate of water is less than this value, then the temperature rise of water will have to be more than 2°C. 
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5-155E A refrigeration system is to cool eggs by chilled air at a rate of 10,000 eggs per hour. The rate of heat removal from 
the eggs, the required volume flow rate of air, and the size of the compressor of the refrigeration system are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 The eggs are at uniform temperatures before and after cooling. 3 The 
cooling section is well-insulated. 4 The properties of eggs are constant. 5 The local atmospheric pressure is 1 atm. 

Properties The properties of the eggs are given to p = 67.4 lbm/ft and c p = 0.80 Btu/lbm.°F. The specific heat of air at room 
temperature c p = 0.24 Btu/lbm. °F (Table A-2E). The gas constant of air is R = 0.3704 psia.ft 3 /lbm.R (Table A-1E). 

Analysis (a) Noting that eggs are cooled at a rate of 10,000 eggs per hour, eggs can be considered to flow steadily through 
the cooling section at a mass flow rate of 

m egg =(10,000 eggs/h)(0. 14 lbm/egg) = 1400 lbm/h =0.3889 lbm/s 


Taking the egg flow stream in the cooler as the system, the energy balance for 
steadily flowing eggs can be expressed in the rate form as 


Egg 

0.14 lbm 


77 _ 77 _ a 77 ^0 (steady) _ ^ 

^in ^out _ ZA£ 'system — u 

^ v ' . v V y 

Rate of net energy transfer Rate of changein internal, kinetic, 
b y h eat , wo rk , an d mas s p o ten t i a l ?etc . energies 

^in - -E out 

mh x = Q out + mlij (since Ake = Ape = 0) 

2out = 2egg=^eggS (7 l _7 2) 




Then the rate of heat removal from the eggs as they are cooled 


from 90°F to 50°F at this rate becomes 


4 gg =(mc p AT) egg = (1400 lbm/h)(0. 80 Btu/lbm.°F)(90 - 50)°F = 44,800 Btu/h 


(b) All the heat released by the eggs is absorbed by the refrigerated air since heat transfer through he walls of cooler is 
negligible, and the temperature rise of air is not to exceed 10°F. The minimum mass flow and volume flow rates of air are 
determined to be 


m mv = 


a 


air 


44,800 Btu/h 


(c p AT) dW (0. 24 B tu/lbm.°F)( 1 0°F) 


= 18,667 lbm/h 


Pair 


P 

RT 



m. 


air 


Pa i 


air 


14.7 psia 

(0.3704 psia.ft 3 /lbm.R)(34+ 460)R 


18,667 lbm/h 
0.0803 lbm/ft 3 


232,500 ft 3 /h 


0.0803 lbm/ft 3 
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5-156 Glass bottles are washed in hot water in an uncovered rectangular glass washing bath. The rates of heat and water 
mass that need to be supplied to the water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The entire water body is maintained at a uniform temperature of 50°C. 3 
Heat losses from the outer surfaces of the bath are negligible. 4 Water is an incompressible substance with constant 
properties. 

Properties The specific heat of water at room temperature is c p = 4.18 kJ/kg.°C. Also, the specific heat of glass is 0.80 
kJ/kg.°C (Table A-3). 

Analysis ( a ) The mass flow rate of glass bottles through the water bath in steady operation is 
m b ottie = m bottie x Bottle flow rate = (0. 150 kg/bottleX450/60 bottles/s) = 1 . 125 kg/s 


Taking the bottle flow section as the system, which is a steady-flow 
control volume, the energy balance for this steady-flow system can 
be expressed in the rate form as 


^in ^out 


Ap 7,0 (steady) 
ZA£Z 'system 


= 0 


Rateol net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 

Q [n + m\ = mh 2 (since Ake = Ape = 0) 
Gin = Gbottle = ^water C /?(^2 “ ^l) 


Then the rate of heat removal by the bottles as they are heated from 20 to 55 °C is 
Gbottic = ^bottieCp AT = (l . 125 kg/sXo.8 kJ/kg.°cX50 - 20> C = 27 kW 


Water bath 
55°C 




The amount of water removed by the bottles is 

m water out = (Flowrate of bottles )( Water removed per bottle) 

= (450 bottles / min)(0.0002 g/bottle) = 90 g/min = 0.001 5kg/s 

Noting that the water removed by the bottles is made up by fresh water entering at 15°C, the rate of heat removal by the 
water that sticks to the bottles is 


G water removed = ^water removed C p *T = (0.0015 kg/s)(4. 18 kJ/kg-° C)(50 - 15)° C= 0.2195 kW 
Therefore, the total amount of heat removed by the wet bottles is 

Gtotal, removed = Gg lass removed + G water removed — 27 + 0.2195 = 27.22 kW 

Discussion In practice, the rates of heat and water removal will be much larger since the heat losses from the tank and the 
moisture loss from the open surface are not considered. 
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5-157 Dough is made with refrigerated water in order to absorb the heat of hydration and thus to control the temperature 
rise during kneading. The temperature to which the city water must be cooled before mixing with flour is to be determined to 
avoid temperature rise during kneading. 

Assumptions 1 Steady operating conditions exist. 2 The dough is at uniform temperatures before and after cooling. 3 The 
kneading section is well-insulated. 4 The properties of water and dough are constant. 


Properties The specific heats of the flour and the water are given to be 1.76 and 4.18 kJ/kg.°C, respectively. The heat of 
hydration of dough is given to be 15 kJ/kg. 


Analysis It is stated that 2 kg of flour is mixed with 1 kg of water, and thus 3 kg of dough is obtained from each kg of 
water. Also, 15 kJ of heat is released for each kg of dough kneaded, and thus 3x15 = 45 kJ of heat is released from the 
dough made using 1 kg of water. 


Taking the cooling section of water as the system, which 
is a steady-flow control volume, the energy balance for this 
steady-flow system can be expressed in the rate form as 

p _ p - a p 7,0 ( stead y) _ a 

^in ^out ZA ^system u 

^ v ' . V v ' 

Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

mh x - Q out + mh 2 (since Ake = Ape = 0) 
2out = Gwater = m water' C p^\ — ^ 2 ) 


Flour 



In order for water to absorb all the heat of hydration and end up at a temperature of 15°C, its temperature before entering 
the mixing section must be reduced to 


Gin “ Gdough- WCpiTi ~T\) — > T\ - T 2 — - 15°C- 


45 kJ 


= 4.2°C 


mc p (1 kg)(4. 1 8 kJ/kg.°C) 

That is, the water must be precooled to 4.2°C before mixing with the flour in order to absorb the entire heat of hydration. 
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5-158 Long aluminum wires are extruded at a velocity of 8 m/min, and are exposed to atmospheric air. The rate of heat 
transfer from the wire is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the wire are constant. 

Properties The properties of aluminum are given to be p = 2702 kg/m' and c p = 0.896 kJ/kg.°C. 

Analysis The mass flow rate of the extruded wire through the air is 

m = pV = pOo 2 )l/ = (2702 kg/m 3 );r(0.0025 m) 2 (8 m/min) = 0.4244 kg/min = 0.007074 kg/s 


Taking the volume occupied by the extruded wire as the system, which is a steady-flow control volume, the energy balance 
for this steady-flow system can be expressed in the rate form as 


^in ^out 


a 77 ^0 (steady) 

system 


= 0 


Rate of net energy trmsfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in “ ^out 

mh x — Q out + nth} (since Ake = Ape = 0) 
Gout = Gwire = ^ wire C p (^1 ~ ^ 2 ) 



Then the rate of heat transfer from the wire to the air becomes 


Q = me p [T(t) - ] = (0.007074 kg/s)(0.896 kJ/kg.°C)(350 - 50)°C = 1.90 kW 


5-159 Long copper wires are extruded at a velocity of 8 m/min, and are exposed to atmospheric air. The rate of heat transfer 
from the wire is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the wire are constant. 

• • • ^ 

Properties The properties of copper are given to be p = 8950 kg/m' and c p = 0.383 kJ/kg.°C. 

Analysis The mass flow rate of the extruded wire through the air is 

m = p0 = p(m-Q )V = (8950 kg/m 3 )/t(0.0025 m) 2 (8/60 m/s) = 0.02343 kg/s 


Taking the volume occupied by the extruded wire as the system, which is a steady-flow control volume, the energy balance 
for this steady-flow system can be expressed in the rate form as 



v 

Rate of net energy transfer 
by heat, work, and mass 


kb 7,0 (steady) 
system 


= 0 


v 

Rate of changein internal, kinetic, 
potential, etc. energies 


^in ~ ^out 

mh x - <2 out + mh 2 (since Ake = Ape = 0) 


Gout - Gwire - ^wire c p(^l ^2) 



Then the rate of heat transfer from the wire to the air becomes 


Q = me p [T{t) -7^] = (0.02343 kg/s)(0.383 kJ/kg.°C)(350 - 50)°C = 2.69kW 
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5-160E Steam is mixed with water steadily in an adiabatic device. The temperature of the water leaving this device is to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions. 4 There is no heat transfer between the mixing device and the 
surroundings. 

Analysis We take the mixing device as the system, which is a control volume. The energy balance for this steady-fiow 
system can be expressed in the rate form as 


-^in ^out 


= A E 


710 (steady) 


system 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

m x h x +m 2 h 2 = m 3 h 3 


From a mass balance 


rh 3 —m x + m 2 = 0.05 + 1 = 1.05 lbm/s 
The enthalpies of steam and water are (Table A-6E and A-4E) 


P x = 80 psia 
T x = 400°F 


h x = 1230.8 Btu/lbm 


Steam 
80 psia 
400°F 
0.05 lbm/s 


Water 
80 psia 
60°F 
1 lbm/s 



> 


80 psia 


P 2 =80 psia 
To = 60°F 


h 2 = hr@ 60 o F = 28.08 Btu/lbm 


Substituting into the energy balance equation solving for the exit enthalpy gives 


h 3 = 


m x h x + m 2 h 2 _ (0.05 lbm/s)(1230. 8 Btu/lbm)+ (1 lbm/s)(28.08 Btu/lbm) 
nu 1.05 lbm/s 


= 85.35 Btu/lbm 


At the exit state P 3 = 80 psia and h 3 = 85.35 kJ/kg. An investigation of Table A-5E reveals that this is compressed liquid 
state. Approximating this state as saturated liquid at the specified temperature, the temperature may be determined from 
Table A-4E to be 


P 3 = 80 psia 
h 3 = 85.35 Btu/lbm 


T 3 = Ty @/?=85 35Btu/lbm -1 17.3°F 


Discussion The exact answer is determined at the compressed liquid state using EES to be 1 17.1°F, indicating that the 
saturated liquid approximation is a reasonable one. 
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5-161 A constant-pressure R-134a vapor separation unit separates the liquid and vapor portions of a saturated mixture into 
two separate outlet streams. The flow power needed to operate this unit and the mass flow rate of the two outlet streams are 
to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions. 

Analysis The specific volume at the inlet is (Table A- 12) 


P x = 320 kPa 
x x =0.55 


v l =v f +x /«/ g - v f ) = 0.0007771 + (0.55)(0.06368 - 0.0007771) = 0.03537 m 3 /kg 


The mass flow rate at the inlet is then 





0.006 m 3 /s 
0.03537 m 3 /kg 


0.1 696 kg/s 


For each kg of mixture processed, 0.55 kg of vapor are 
processed. Therefore, 


R-134a 
320 kPa 
x = 0.55 
6 L/s 


m 2 =0.7 m x = 0.55 x 0.1696 = 0.09329kg/s 

m 3 = m x - m 2 = 0A5m x = 0.45 x 0. 1696 = 0.07633kg/s 



The flow power for this unit is 


Wflow ='”2 /J 2 t/ 2 +rn 3 P 3 v 3 

= (0.09329 kg/s)(320 kPa)(0.06368 m 3 /kg) + (0.07633 kg/s)(320 kPa)(0.0007771 m 3 /kg) 

- (0. 1 696 kg/s)(320 kPa)(0.03537 m 3 /kg) 

= 0kW 
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5-162 Two identical buildings in Los Angeles and Denver have the same infiltration rate. The ratio of the heat losses by 
infiltration at the two cities under identical conditions is to be determined. 


Assumptions 1 Both buildings are identical and both are subjected to the same conditions except the atmospheric conditions. 
2 Air is an ideal gas with constant specific heats at room temperature. 3 Steady flow conditions exist. 

Analysis We can view infiltration as a steady stream of air that is heated as it flows in an imaginary duct passing through the 
building. The energy balance for this imaginary steady-flow system can be expressed in the rate form as 


^in ^out 


A F 

^^system 


710 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

K = E onl 

Q in + mh\ = mh 2 (since Ake = Ape = 0) 

Gin = mc p (T 2 -T\) = pVc p (T 2 -7i) 

Then the sensible infiltration heat loss (heat gain for the infiltrating air) can be expressed 

^infiltration = ^air C p(^i ~T„) = Po,air(^CH)(C^ uilding )c /? (7^- -T Q ) 


Los Angeles: 101 kPa 
Denver: 83 kPa 



where ACH is the infiltration volume rate in air changes per hour. Therefore, the infiltration heat loss is proportional to the 
density of air, and thus the ratio of infiltration heat losses at the two cities is simply the densities of outdoor air at those 
cities, 

T .• , . .. ^in filtration, Los Angeles Po, air, Los Angeles 

Infiltration heat loss ratio = — 7 5 5 — 

Sin filtratio n , Den v er Po , air, Denver 

_ (V^oVs Angeles _ ^o, Los Angeles _ lOlkPa 
(P 0 //?r 0 ) Denver /o, Denver 83 kPa 

Therefore, the infiltration heat loss in Los Angeles will be 22% higher than that in Denver under identical conditions. 


5-163E A study quantifies the cost and benefits of enhancing IAQ by increasing the building ventilation. The net monetary 
benefit of installing an enhanced IAQ system to the employer per year is to be determined. 

Assumptions The analysis in the report is applicable to this work place. 

Analysis The report states that enhancing IAQ increases the productivity of a person by $90 per year, and decreases the cost 
of the respiratory illnesses by $39 a year while increasing the annual energy consumption by $6 and the equipment cost by 
about $4 a year. The net monetary benefit of installing an enhanced IAQ system to the employer per year is determined by 
adding the benefits and subtracting the costs to be 

Net benefit = Total benefits - total cost = (90+39) - (6+4) = $1 19/year (per person) 

The total benefit is determined by multiplying the benefit per person by the number of employees, 

Total net benefit = No. of employees x Net benefit per person = 120x$l 19/year = $14, 280/year 

Discussion Note that the unseen savings in productivity and reduced illnesses can be very significant when they are properly 
quantified. 
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5-164 The ventilating fan of the bathroom of an electrically heated building in San Francisco runs continuously. The amount 
and cost of the heat “vented out” per month in winter are to be determined. 

Assumptions 1 We take the atmospheric pressure to be 1 atm = 101.3 kPa since San Francisco is at sea level. 2 The building 
is maintained at 22°C at all times. 3 The infiltrating air is heated to 22°C before it exfiltrates. 4 Air is an ideal gas with 
constant specific heats at room temperature. 5 Steady flow conditions exist. 

Properties The gas constant of air is R = 0.287 kPa.m /kg-K (Table A-l). The specific heat of air at room temperature is c p = 
1.005 kJ/kg-°C (Table A-2). 

Analysis The density of air at the indoor conditions of 1 atm and 22 °C is 


Po 


A 

RT a 


(101.3 kPa) 

(0.287 kP a. m 3 /kg . K)(22 + 273 K) 


= 1.197 kg/m 3 


Then the mass flow rate of air vented out becomes 


m air = pO m = (1 . 1 97 kg/m 3 )(0.030 m 3 /s) = 0.03590 kg/s 


We can view infiltration as a steady stream of air that is heated as it flows in 
an imaginary duct passing through the house. The energy balance for this 
imaginary steady-flow system can be expressed in the rate form as 



■V 


Rate of net energy traisfer 
by heat, work, and mass 


a F a0 (steady) 
^-^system 

V, J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= 0 




Gin + 


mh 2 (since Ake = Ape = 0) 


2in =™C p (T 2 -T x ) 


30 L/s 



22°C 


Noting that the indoor air vented out at 22°C is replaced by infiltrating outdoor air at 12.2°C, the sensible infiltration heat 
loss (heat gain for the infiltrating air) due to venting by fans can be expressed 


Glossbyfan ^aiA p (^indoors ^outdoors) 


= (0.0359 kg/s)(l. 005 kJ/kg.°C)(22 - 12.2)°C = 0.3536 kJ/s = 0.3536kW 


Then the amount and cost of the heat “vented out” per month ( 1 month = 30x24 = 720 h) becomes 

Energy loss = 2 lossbyfan A? = (0.3536 kW)(720 h/month) = 254. 6 kWh/month 

Money loss = (Energy loss)(Unit cost of energy) = (254.6 kWh/month)($0. 12/kWh) = $22.9/month 

Discussion Note that the energy and money loss associated with ventilating fans can be very significant. Therefore, 
ventilating fans should be used with care. 
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5-165E The relationships between the mass flow rate and the time for the inflation and deflation of an air bag are given. The 
volume of this bag as a function of time are to be plotted. 

Assumptions Uniform flow exists at the inlet and outlet. 

Properties The specific volume of air during inflation and deflation are given to be 15 and 13 ft /lbm, respectively. 

Analysis The volume of the airbag at any time is given by 

V(t) = J Owi/)in dt- J ( rnv) oat d 

in flow time outflow time 


Applying at different time periods as given in problem statement give 


i 

1/(0 = J (15 ft 3 /lbm) 


20 lbm/s 


10 ms 


Is 


1000 ms 


tdt 0 < / < 10 ms 


i 

V(t) = J 0. 


015rft 3 /ms 2 0 < f < 10 ms 


l/(f) = 1/(10 ms) + j (15ft 3 /lbm)(20 lbm/ s) 


10 ms 


Is 

v 1000 ms 


tdt 10<f<12ms 


( /(t) = (/(10 ms) + 0.03 ft 3 /ms 2 (? — 10 ms) 10 < t < 12 ms 


1/(0 = 1/(12 ms) + 0.03 ft 3 /ms 2 (t -12 ms) 


l 

J (13ft 3 /lbm) 


161bm/s 


12 ms 


(30-12) ms 


Is 


1000 ms 


(t-\2ms)dt 12<f<25ms 


1/(0 = 1/(12 ms) + 0.03 ft 3 /ms 2 (t -12 ms) 


1 

J 0.01 1556 ft 3 /ms 2 (t - 12 ms )dt 12 < t < 25 ms 


1 2 ms 


m 


m 

m 

m 


1/(12 ms) + 0.03 ft 3 /ms 2 (/-12ms) 

0.01 1556 ( ^2 _ 144 ms 2 ) + 0. 13867 (? — !2 ms) 


1/(25 ms) - °' 011556 it 2 - 625 ms 2 ) + 0. 13867(r - 25 ms) 


I 

1/(30 ms)- J (13ft 3 /lbm)(16 lbm/s) 


Is 


1 2 ms 


1000 ms 


dt 30 < 


C/(30 ms) - (0.208 ft 3 /ms ){t - 30 ms) 30 < t < 50 ms 


12 < t < 25 ms 
25 < t < 30 ms 

t < 50 ms 
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The results with some suitable time intervals are 


Time, ms 

V, ft 3 

0 

0 

2 

0.06 

4 

0.24 

6 

0.54 

8 

0.96 

10 

1.50 

12 

2.10 

15 

2.95 

20 

4.13 

25 

5.02 

27 

4.70 

30 

4.13 

40 

2.05 

46 

0.80 

49.85 

0 


Alternative solution 



The net volume flow rate is obtained from 


0 = (mu) m — (mt/) out 

which is sketched on the figure below. The volume of the airbag is given by 

1/ = J Odt 

The results of a graphical interpretation of the volume is also given in the figure below. Note that the evaluation of the above 
integral is simply the area under the process curve. 
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5-166 Outdoors air at -5°C and 95 kPa enters the building at a rate of 60 L/s while the indoors is maintained at 25 °C. The 
rate of sensible heat loss from the building due to infiltration is to be determined. 

Assumptions 1 The house is maintained at 25 °C at all times. 2 The latent heat load is negligible. 3 The infiltrating air is 
heated to 25 °C before it exfiltrates. 4 Air is an ideal gas with constant specific heats at room temperature. 5 The changes in 
kinetic and potential energies are negligible. 6 Steady flow conditions exist. 

Properties The gas constant of air is R = 0.287 kPa.m /kg-K. The specific heat of air at room temperature is c p = 1.005 
kJ/kg-°C (Table A-2). 

Analysis The density of air at the outdoor conditions is 


P, 


Po = 


95 kPa 


RT a (0.287 kPa.m 3 /kg.K)(-5 + 273 K) 


= 1.235 kg/m 


We can view infiltration as a steady stream of air that is heated 
as it flows in an imaginary duct passing through the building. 
The energy balance for this imaginary steady-flow system can 
be expressed in the rate form as 


-^in ^out 

s. J 

V 

Rate of net energy transfer 
by heat, work, and mass 


AE, 


710 (steady) 


system 


= 0 


Rate of changein internal, kinetic, 
potential, etc. energies 


^in — ^out 


Q m + mh x = mh 2 (since Ake = Ape = 0) 
Gm =mc p (T 2 -T l ) 



Warm air 
25°C 


Then the sensible infiltration heat load corresponding to an infiltration rate of 60 L/s becomes 

Ginfiltration — Po^ai A p^i ~ ^ o ) 

= (1.235 kg/m 3 )(0. 060 m 3 /s)(1.005 kJ/kg.°C)[25 - (-5)]°C 

= 2.23 kW 

Therefore, sensible heat will be lost at a rate of 2.23 kJ/s due to infiltration. 
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5-167 The average air velocity in the circular duct of an air-conditioning system is not to exceed 8 m/s. If the fan converts 80 
percent of the electrical energy into kinetic energy, the size of the fan motor needed and the diameter of the main duct are to 
be determined. 


Assumptions 1 This is a steady-fiow process since there is no change with time at any point and thus 
Aracy = 0 and A E cw =0.2 The inlet velocity is negligible, V x =0. 3 There are no heat and work interactions other than 

the electrical power consumed by the fan motor. 4 Air is an ideal gas with constant specific heats at room temperature. 

Properties The density of air is given to be p = 1.20 kg/m . The constant pressure specific heat of air at room temperature is 
c p = 1.005 kJ/kg.°C (Table A-2). 

Analysis We take the fan-motor assembly as the system. This is a control volume since mass crosses the system boundary 
during the process. We note that there is only one inlet and one exit, and thus m x - = m . The change in the kinetic 

energy of air as it is accelerated from zero to 8 m/s at a rate of 130 m /min is 


m = pO = (1.20 kg/nr )(130 nr /min) = 156kg/min = 2.6kg/s 

2 1 k.T/k p 3 

= 0.0832 kW 


-Vi-Vf , 0<C1 (8m/s) z -0 

AKE = m = (2.6 kg/s) 


1000m / s 


It is stated that this represents 80% of the electrical energy consumed 
by the motor. Then the total electrical power consumed by the motor is 
determined to be 


0-7W wtm =AKE -> = ^ = 00832 kW = 0.1 04 kW 


motor 


0.8 


0.8 


The diameter of the main duct is 


V =VA = V(ttD 2 / 4) -> D = 


4 0 

4(1 30m 3 /min) 

f 1 min 3 ] 

7lV i 

/r(8 m/s) 

v 60s j 


= 0.587m 


t t 



8 m/s 

130 m 3 /min 


Therefore, the motor should have a rated power of at least 0. 104 kW, and the diameter of the duct should be at least 58.7 cm 
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5-168 The maximum flow rate of a standard shower head can be reduced from 13.3 to 10.5 L/min by switching to low-flow 
shower heads. The ratio of the hot-to-cold water flow rates and the amount of electricity saved by a family of four per year 
by replacing the standard shower heads by the low-flow ones are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time at any point and thus 
= 0 and A F cw =0.2 The kinetic and potential energies are negligible, ke = pe = 0 . 3 Heat losses from the system 

are negligible and thus Q = 0. 4 There are no work interactions involved. 5 .Showers operate at maximum flow conditions 

during the entire shower. 6 Each member of the household takes a 5 -min shower every day. 7 Water is an incompressible 
substance with constant properties. 8 The efficiency of the electric water heater is 100%. 


Properties The density and specific heat of water at room temperature are p = 1 kg/L and c = 4.18 kJ/kg.°C (Table A-3). 

Analysis (a) We take the mixing chamber as the system. This is a control volume since mass crosses the system boundary 
during the process. We note that there are two inlets and one exit. The mass and energy balances for this steady -flow system 
can be expressed in the rate form as follows: 


Mass balance : 


Energy balance : 


m -til = Am ™ (steady) Q 
rn m '“out ^'“system w 

™in =<ut->^l+^2 = rn ?> 


Mixture 

* 3 


^in ^out 

s. J 

V 

Rate of net energy tmrsfer 
by heat, work, and mass 


A 


710 (steady) 


system 


= 0 


Rate of changein internal, kinetic, 
potential, etc. energies 


£m = ^out 


Cold 

water 

1 


->■ 


m x h x + m 2 l\ = /7T3/73 (since Q = 0, VT = 0, ke = pe = 0) 


Hot 

water 

2 


<■ 


Combining the mass and energy balances and rearranging, 

m x h x + m 2 h 2 = {rn x + m 2 )h 3 
m 2 (h 2 -h 3 ) = m l (h 3 -/?,) 


Then the ratio of the mass flow rates of the hot water to cold water becomes 

m 2 _ h 3 -h x _ c(T 3 -TQ _ T 3 —7\ _ (42-15)°C 2 QS 

m x h 2 -h 3 c(T 2 - T 3 ) T 2 -T 3 (55-42)°C 

( b ) The low-flow heads will save water at a rate of 

Clayed = [(13.3 - 10.5) L/min](5 min/person.day)(4 persons)(3 65 days/yr) = 20,440L/year 
'"saved = pV saved = d kg/L)(20,440 L/year) = 20, 440 kg/year 
Then the energy saved per year becomes 

Energy saved = m saved cAr = (20,440kg/year)(4. 18kJ/kg.°C)(42 -15)°C 
= 2,307,000kJ/year 
= 641 kWh (since 1 kWh = 3600 kJ) 

Therefore, switching to low-flow shower heads will save about 641 kWh of electricity per year. 
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5-169 “™ Problem 5-168 is reconsidered. The effect of the inlet temperature of cold water on the energy saved by using 
the low-flow showerhead as the inlet temperature varies from 10°C to 20°C is to be investigated. The electric energy savings 
is to be plotted against the water inlet temperature. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 
c_p = 4.18 [kJ/kg-K ] 
density=1 [kg/Ll 
{T_1 = 15 [C]} 

T_2 = 55 [C] 

T_3 = 42 [C] 

V_dot_old = 13.3 [L/min] 

Vdotnew = 10.5 [L/min] 

m_dot_1=1[kg/s] "We can set m_dot_1 = 1 without loss of generality." 

"Analysis:" 

"(a) We take the mixing chamber as the system. This is a control volume since mass crosses the system boundary during 
the process. We note that there are two inlets and one exit. The mass and energy balances for this steady-flow system can 
be expressed in the rate form as follows:" 

"Mass balance:" 

m_dot_in - m_dot_out = DELTAm_dot_sys 
D E LT Am_d ot_sy s = 0 
mdotjn =mdot1 + m_dot_2 
mdotout = m_dot_3 

"The ratio of the mass flow rates of the hot water to cold water is obtained by setting m_dot_1 =1 [kg/s]. Then m_dot_2 
represents the ratio of m_dot_2/m_dot_1" 

"Energy balance:" 

E_dot_in - E_dot_out = DELTAE_dot_sys 
DELTA E d ot_sy s = 0 

E_dot_in = m_dot_1*h_1 + m_dot_2*h_2 

Edotout = m_dot_3*h_3 

h_1 = c_p*T_1 

h_2 = c_p*T_2 

h_3 = c_p*T_3 


"(b) The low-flow heads will save water at a rate of " 

V_dot_saved = (V_dot_old - V_dot_new)"L/min"*(5"min/person-day")*(4"persons")*(365"days/year") "[L/year]" 
m_dot_saved=density*V_dot_saved "[kg/year]" 

"Then the energy saved per year becomes" 

E_dot_saved=m_dot_saved*C_P*(T_3 - T_1)"kJ/year"*convert(kJ,kWh) "[kWh/year]" 

"Therefore, switching to low-flow shower heads will save about 641 kWh of electricity per year. " 
m ratio = m dot 2/m dot 1 "Ratio of hot-to-cold water flow rates:" 



Esaved [kWh/year] 

Ti [Cl 

759.5 

10 

712 

12 

664.5 

14 

617.1 

16 

569.6 

18 

522.1 

20 
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5-170 An adiabatic air compressor is powered by a direct-coupled steam turbine, which is also driving a generator. The net 
power delivered to the generator is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The devices are adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with variable specific heats. 

Properties From the steam tables (Tables A-4 through 6) 


and 


P 3 = 12.5 MPa 
T 3 = 500°C 



3343.6 kJ/kg 


P 4 = 10 kPa 
x 4 = 0.92 


\h 4 = h f + x 4 h fg = 191.81+ (0. 92X2392. l) = 2392.5 kJ/kg 


From the air table (Table A- 17), 


T x = 295 K > h x = 295. 17 kJ/kg 

T 2 = 620 K > h 2 = 628.07 kJ/kg 


Analysis There is only one inlet and one exit for either device, and 
thus m in = m out = m .We take either the turbine or the 

compressor as the system, which is a control volume since mass 
crosses the boundary. The energy balance for either steady-flow 
system can be expressed in the rate form as 


K - 

v 

Rate o f n et en erg y trai sfer 
by heat, work, and mass 


a 17 ™ (steady) 

^^system 

V J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= 0 


= ^out 


For the turbine and the compressor it becomes 
Compressor: 

^comp, in + '«aiA = ^comp, in = "'air ( h 2 ~ h \ ) 



Turbine: 


^ steam ^3 ^turb, out ^ steam ^4 ^ 


^turb, out ^ steam (^3 ^4 ) 


Substituting, 

W com p in = (10 kg/s)(628.07 - 295. 17) kJ/kg = 3329 kW 
Wtu* j0 ut = ( 25 kg/sX3343.6- 2392.5) kJ/kg = 23,777 kW 


Therefore, 

^net.ou, =<*.out "^conpan = 23,777 - 3329 = 20, 448kW 
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5-171 Helium is compressed by a compressor. The power required is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Helium is an ideal gas with constant specific heats. 4 The compressor is adiabatic. 

Properties The constant pressure specific heat of helium is c p = 5.1926 kJ/kg-K. The gas constant is R = 2.0769 kJ/kg-K 
(Table A-2a). 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m. We take the compressor as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate 
form as 


E in ~ £ out 


= A F 

system 


710 (steady) 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

W m + mh x = mh 2 (since Ake = Ape = 0) 

W in = m(h 2 -h l ) = me p (T 2 - T { ) 

The specific volume of air at the inlet and the mass flow rate are 


= 


RT X (2.0769 kPa • m 7kg • K)(20 + 273 K) 


P 


llOkPa 


= 5.532 m 3 /kg 


. AjVj (0.1m z )(9 m/s) n 1 ^ 1 , 
m = = = 0.1 627 kg/ s 

V\ 5.532m 3 /kg 


400 kPa 



Then the power input is determined from the energy balance equation to be 

W m = mc p (T 2 -T x ) = (0. 1627 kg/s)(5. 1926 kJ/kg • K)(200 - 20)K = 1 52 kW 
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5-172 Saturated R-134a vapor is compressed to a specified state. The power input is given. The rate of heat transfer is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

Properties The enthalpy at the compressor exit is given to be h 2 = 281.39 kJ/kg. From the R-134a tables (Table A-l 1) 


T x = 10°C 

Vj =1 


>h x =256.22 kJ/kg 


Analysis We take the compressor as the system, which is a control volume since mass crosses the boundary. Noting that one 
fluid stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the rate 
form as 


^in ^out 


= A E 


<p0 (steady) 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 


Win - <2ou, + m 


h\ + 


V, 


E m = £ out 
2 ^ 


= m 


h 2 + 




2 } 


(since Ape = 0) 


Q out =W in 


' y 2 2 ^ 

h \ ~ h 2 “ — 


1400 kPa 



Substituting, 


2out=^in 


h x - hn — — 


2 ^ 


= 132.4 kW + (5 kg/s) 

= 0.3kW 


256.22- 281. 39)kJ/kg - 


(50 m/s)' 


1 kJ/kg 


2/2 


1000 m z /s 


which is very small and therefore the process is nearly adiabatic. 
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5-173 A submarine that has an air-ballast tank originally partially filled with air is considered. Air is pumped into the ballast 
tank until it is entirely filled with air. The final temperature and mass of the air in the ballast tank are to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 The process is adiabatic. 3 There are no work interactions. 

Properties The gas constant of air is R = 0.287 kPa-m/kg-K (Table A-l). The specific heat ratio of air at room temperature 
is k= 1.4 (Table A-2 a). The specific volume of water is taken 0.001 m/kg. 

Analysis The conservation of mass principle applied to the air gives 


dm L 

dt 


= m 


in 


and as applied to the water becomes 
dm , 


w 


dt 


= -m 


out 


The first law for the ballast tank produces 
d(mu) d(jnu) 


0 = 


dt 


dt 


+ h w m w —h a m a 


Combining this with the conservation of mass expressions, rearranging and canceling the common dt term produces 

d{mu) a +d(mu) w =h a dm a +h w dm w 

Integrating this result from the beginning to the end of the process gives 

[(nw) 2 + [{mu) 2 —(imi) 1 ] w = h a (m 2 -m l ) a +h w (m 2 -m l ) w 

Substituting the ideal gas equation of state and the specific heat models for the enthalpies and internal energies expands this 
to 


pyi 

RT \ 


c Ji 


RP 


m w j c W T W c p T m 


PV 2 PV i 
k rt 2 RT x j 


m w,\ c w'Pw 


When the common terms are cancelled, this result becomes 


To = 




700 


(/, 


L + T^d / 2-t / l) 


100 


1 


= 386.8K 


Ti kT in 


288 (1.4)(293) 

The final mass from the ideal gas relation is 


(700-100) 


Pi/, 


m, = 


(1500 kPa)(700 nr ) 


RT 2 (0.287 kPa-m 3 /kg-K)(386.8 K) 


= 9460kg 
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5-174 A submarine that has an air-ballast tank originally partially filled with air is considered. Air is pumped into the ballast 
tank in an isothermal manner until it is entirely filled with air. The final mass of the air in the ballast tank and the total heat 
transfer are to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 There are no work interactions. 

Properties The gas constant of air is R = 0.287 kPa-m/kg-K (Table A-l). The specific heats of air at room temperature are 
c p = 1.005 kJ/kg-K and c v = 0.718 kJ/kg-K (Table A-2 a). The specific volume of water is taken 0.001 m 3 /kg. 

Analysis The initial air mass is 


m x = 


m 

RT\ 


(1500 kPa)(100 m 3 ) 

(0.287 kPa- m 3 /kg • K)(288. 15 K) 


= 1814 kg 


and the initial water mass is 


m w = 




600 m 


V\ 0.001m /kg 
and the final mass of air in the tank is 


= 600,000 kg 


m 0 = 


Pi" 2 


(1500 kPa)(700 nr ) 


RT 2 (0.287 kPa-m 3 /kg-K)(288. 15 K) 


= 12,697kg 


The first law when adapted to this system gives 

Gin +m l h l —m e h e = m 2 u 2 -m x u x 

Gin = m 2 u 2 -m x u x +m e h e -m l h l 

Gin = ™- 2 c v T -(m al c v T + m w u w ) + m w h w -(m 2 -m^CpT 


Noting that 

u w =h w = 62.98 kJ/kg 
Substituting, 

Q m = 12,697 x 0.7 1 8 x 288 - (1814x0.718x288 + 600,000 x 62.98) 
+ 600,000 x 62.98 - (1 2,697 - 1 8 1 4 ) x 1 .005 x 288 

= 0kJ 


The process is adiabatic. 
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5-175 Water is heated from 16°C to 43°C by an electric resistance heater placed in the water pipe as it flows through a 
showerhead steadily at a rate of 10 L/min. The electric power input to the heater, and the money that will be saved during a 
10-min shower by installing a heat exchanger with an effectiveness of 0.50 are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time at any point within the system and thus 
= 0 and A F cv = 0 ,. 2 Water is an incompressible substance with constant specific heats. 3 The kinetic and potential 

energy changes are negligible, A ke = Ape = 0.4 Heat losses from the pipe are negligible. 


Properties The density and specific heat of water at room temperature are p = 1 kg/L and c = 4.18 kJ/kg °C (Table A-3). 

Analysis We take the pipe as the system. This is a control volume since mass crosses the system boundary during the 
process. We observe that there is only one inlet and one exit and thus m x = rip = m . Then the energy balance for this steady- 

flow system can be expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


AF 710 Steady) _ n _v p _ p 

^ -^system “ u ^ 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 



+ riih x 



(since Ake = Ape = 0) 


WU = Mk-hi) - m[c(T 2 -T 1 ) + v(P 2 -P l f°] = mc(T 2 -7]) 


where 

m = pO = (l kg/L)(l0 L/min) =10 kg/mi n 
Substituting, 

W e . n = (10/60 kg/s (4. 18kJ/kg-°c](43 - l6fC = 18.8 kW 
The energy recovered by the heat exchanger is 

Gsaved = ^Gmax = ^^^(-^rnax — ^rnin ) 

= 0.5(10/60 kg/s)(4. 18 kJ/kg.° c)(39 - 16)°C 
= 8.0 kJ/s = 8.0kW 


16°C 


WATER 


I^VWVWVl 


43°C 


Therefore, 8.0 kW less energy is needed in this case, and the required electric power in this case reduces to 

WVnew = ^in.old “ <2saved = 1 8.8 - 8.0 = 10.8 kW 

The money saved during a 10-min shower as a result of installing this heat exchanger is 
(8.0 kWXl0/60 hXll.5 cents/kWh) = 1 5.3 cents 
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5-176 ■ Bi ™ Problem 5-175 is reconsidered. The effect of the heat exchanger effectiveness on the money saved as the 
effectiveness ranges from 20 percent to 90 percent is to be investigated, and the money saved is to be plotted against the 
effectiveness. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 
density = 1 [kg/L] 

V dot =10 [L/min] 

C = 4.18 [kJ/kg-C] 

T_1 =16 [C] 

T_2 = 43 [C] 

T_max = 39 [C] 

T_min = T_1 

epsilon = 0.5 "heat exchanger effectiveness " 

EleRate = 11.5 [cents/kWh] 

"For entrance, one exit, steady flow m_dot_in = m_dot_out = m_dot_wat er:" 
m_dot_water= density*V_dot /convert(min,s) 

"Energy balance for the pipe:" 

W_dot_ele_in+ m_dot_water*h_1=m_dot_water*h_2 "Neglect ke and pe" 

"For incompressible fluid in a constant pressure process, the enthalpy is:" 
h_1 = C*T_1 
h_2 = C*T_2 

"The energy recovered by the heat exchanger is" 

Q_dot_saved=epsilon*Q_dot_max 
Q dot max = m_dot_water*C*(T_max - T min) 

"Therefore, 8.0 kW less energy is needed in this case, and the required 
electric power in this case reduces to" 

Wdotelenew = W dot ele in - Q dot saved 

"The money saved during a 10-min shower as a result of installing this heat exchanger is" 
Costs_saved = Q_dot_saved*time*convert(min,h)*EleRate 
time=10 [min] 


C0StS savec i 

[cents] 

8 

6.142 

0.2 

9.213 

0.3 

12.28 

0.4 

15.36 

0.5 

18.43 

0.6 

21.5 

0.7 

24.57 

0.8 

27.64 

0.9 



■o 

d) 

> 

co 

(0 

CO 


CO 

o 

O 



Heat exchanger effectiveness 
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5-177 The air in a tank is released until the pressure in the tank reduces to a specified value. The mass withdrawn from the 
tank is to be determined for three methods of analysis. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential energies are 
negligible. 4 There are no work or heat interactions involved. 

Properties The gas constant of air is 0.287 kPam/kg-K (Table A-l). The specific heats of air at room temperature are c p = 
1.005 kJ/kg-K and c„ = 0.718 kJ/kg-K. Also k =1.4 (Table A-2 a). 

Analysis {a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


W ,n ~™out = Am 


— m „ = m o — m , 


m = m , —m 


Energy balance : 


system 


^in ^out — ^-^system 

v v T ' — v — ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

— m e h e =m 2 u 2 — m x u x 

0 = m 2 u 2 — m x u x + m e h e 
0 = m 2 c {/ T 2 -m x cJT x +m e c p T e 


Combining the two balances : 


0 = m 2 c l/ T 2 -m x cJT x +(m x -m 2 )c p T e 



Air 

800 kPa 
25°C, 1 m 3 


The initial and final masses are given by 


PV (800kPa)(lm 3 ) 

m x = = 

RT X (0.287 kPa • m 3 /kg • K)(25 + 273 K) 

P 2 V (150kPa)(l m 3 ) 522.6 

m 2 = = = 

RT 2 (0.287 kPa-m 3 /kg -K)r 2 T 2 


9.354 kg 


The temperature of air leaving the tank changes from the initial temperature in the tank to the final temperature during the 
discharging process. We assume that the temperature of the air leaving the tank is the average of initial and final 
temperatures in the tank. Substituting into the energy balance equation gives 


0 = m 2 c v T 2 —m l c v T 1 + (m, -m 2 )c p T e 


f\ 

0 = — (0.718)T 2 - (9.354X0.718X298) + 


9.354 


522.6 

t 2 


\ r 

(1.005) 


298 + r 2 
2 


A 


J 


whose solution is 


T 2 = 191. OK 

Substituting, the final mass is 
522 - 6 0 

= = 2.736 kg 

2 191 


and the mass withdrawn is 

m e =m x —m 2 = 9.354-2.736 = 6.61 8kg 

( b ) Considering the process in two parts, first from 800 kPa to 400 kPa and from 400 kPa to 150 kPa, the solution will be as 
follows: 

From 800 kPa to 400 kPa: 


PW (400kPa)(lm 3 ) 1394 

m 2 = = = 

RT 2 (0.287 kPa-m 3 /kg-K)r 2 T 2 
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0 = 


1394 

77 


(0.718)T 2 - (9.354X0.7 18)(298) + 


9.354 


1394 


T 


(1.005) 


2 J 


298 + r 2 


T 2 = 245.1 K 
1394 


= 


= 5.687 kg 


245.1 

m e j = m l -m 2 =9.354-5.687 = 3.667 kg 


From 400 kPa to 150 kPa: 
522.6 


0 = 


77 


(0.7 1 8)T 2 - (5 .687X0.7 1 8)(245 . 1) + 


5.687 


522.6 


T 


(1.005) 


2 J 


245.1 + 77 


T 2 = 186.5 K 
522.6 


/72o = 


186.5 


= 2.803 kg 


m e 2 = m, -m 2 = 5.687 - 2.803 = 2.884 kg 

The total mass withdrawn is 

m e ~ m e ,\ +m e ,2 =3.667 + 2.884 = 6.551kg 

(c) The mass balance may be written as 
dm 

= 


dt 


When this is combined with the ideal gas equation of state, it becomes 
V d(P/T) 


= -m. 


R dt 

since the tank volume remains constant during the process. An energy balance on the tank gives 
d(mu) 


c. 


dt 

d{mT) 

dt 

{/ dP 


= -h e m e 


dm 

= c n T 

dt 


c. 


= C,J 


R dt pJ 

L 

R 

dP 

S-% 

( dP 

" dt P 

v dt 

x dP 

dT 

+ P ~ c p 

dt 


V d(P/T) 
dt 


When this result is integrated, it gives 


T 2 = T \ 


r n 
1 


\ p \ J 


= (298 K) 


150 kPa 
800 kPa 


X 0.4/ 1.4 


= 184.7 K 


The final mass is 


= 




(150kPa)(lm J ) 


= 2.830 kg 


RT 2 (0.287 kPa-m 3 /kg-K)(l 84.7 K) 

and the mass withdrawn is 

m e =m l — m 2 = 9.354-2.830 = 6.524kg 

Discussion The result in first method is in error by 1.4% while that in the second method is in error by 0.4%. 
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5-178 A tank initially contains saturated mixture of R-134a. A valve is opened and R-134a vapor only is allowed to escape 
slowly such that temperature remains constant. The heat transfer necessary with the surroundings to maintain the temperature 
and pressure of the R-134a constant is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the exit remains constant. 2 Kinetic and potential energies 
are negligible. 3 There are no work interactions involved. 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


m m -' w out = A ”Vtem 


- —m 


m e = ni\ —m 2 


Energy balance : 

E in -E 


in 


out 


AE 

system 


Net energy traisfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Gin ~m e h e =m 2 u 2 -m 1 u l 

Gin =m 2 u 2 -m 1 u l + m e h l 

Combining the two balances : 

Gin =m 2 u 2 +0 n x -m 2 )h e 

The specific volume at the initial state is 

V 0.0015 m 3 




I 


R-134a 
0.55 kg, 1.5 L 
25 °C 


= 


m. 


= 0.002727 nrVkg 


n 0.55 kg 

The initial state properties of R-134a in the tank are 

"l -V/ _ 0.002727 -0.0008312 
” 0.030008-0.0008312 


T x = 26°C 

</, = 0.002727 m 3 /kg 


V, = 


= 0.06499 


c/ 


fg 


(Table A- 11) 


u 


= u f +x x u fg = 87.26 + (0.06499)(156.89) = 97.45 kJ/kg 


The enthalpy of saturated vapor refrigerant leaving the bottle is 
h e — h g @ 26°c ~ 264.73 kJ/kg 

The specific volume at the final state is 


V 0.0015 m 


i/ 2 = 


m 2 0.15 kg 
The internal energy at the final state is 


= O.OlmVkg 


To = 26°C 


i/ 2 = 0.01m 3 /kg 


c/o - 1/ 


x 2 = 


f 


V 


fg 


0.01-0.0008312 
0.030008-0.0008312 


= 0.3143 


(Table A- 11) 

u 2 =u f +x x u fg =87.26 + (0.3 143)(156.89) = 136.56 kJ/kg 

Substituting into the energy balance equation, 

2in — m 2 u 2 — m ] u l +(m x —m 2 )h e 

= (0.15 kg)(l 36.56 kJ/kg) - (0.55 kg)(97. 45 kJ/kg) + (0.55 -0.15 kg)(264.73 kJ/kg) 

= 72.8k J 
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5-179 Steam expands in a turbine steadily. The mass flow rate of the steam, the exit velocity, and the power output 
are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 
2 Potential energy changes are negligible. 

Properties From the steam tables (Tables A-4 through 6) 


1 


20 kJ/kg 



and 


P x = 7 MPa 
T x = 600°C 

P 2 = 25 kPa 
x 2 = 0.95 


t/j = 0.05567 m 3 /kg 
\ =3650.6 kJ/kg 

i/ 2 = v f +X 2 v fg = 0.00102+ (0.95)(6. 2034 - 0.00102) = 5.8933 m 3 /kg 
h 2 = h f +x 2 h fg =271.96+ (0.95X2345.5) = 2500.2 kJ/kg 


HoO 


Analysis ( a ) The mass flow rate of the steam is 


(60 m/s)(o.015 m 2 )= 1 6.1 7kg/s 


m = — V l Aj = — T 

0.05567 m 3 /kg 

( b ) There is only one inlet and one exit, and thus m x = n^ = m . Then the exit velocity is determined from 


m = Vo A 


V' 


2^2 


mv, (16. 17 kg/s)(5.8933 m 3 /kg) non n , 

» V 2 = — ^ = ^ — = 680.6 m/s 

A-, 0.14 m" 


(c) We take the turbine as the system, which is a control volume since mass crosses the boundary. The energy balance for 
this steady-flow system can be expressed in the rate form as 


E m ~ E om 


a 77 710 (steady) 

ZAiZ 'system 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

m(h x + V x / 2) = W out + Q out + m(h 2 + V 2 2 /2) (since Ape = 0) 


^out =-Gout-^ 


h 2 -h x + 


V 2 2 -Vi 2 ^ 


Then the power output of the turbine is determined by substituting to be 

W oM = -(16. 17 X 20) kJ/s - (16. 17 kg/s{ 2500.2-3650.6+ (68 °' 6 m/s) ^~( 60 

= 14,560kW 


1 kJ/kg 


v 1000 m 2 /s 2 j j 
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5-180 



Problem 5-179 is reconsidered. The effects of turbine exit area and turbine exit pressure on the exit velocity 


and power output of the turbine as the exit pressure varies from 10 kPa to 50 kPa (with the same quality), and the exit area to 

varies from 1000 cm to 3000 cm is to be investigated. The exit velocity and the power output are to be plotted against the 

2 

exit pressure for the exit areas of 1000, 2000, and 3000 cm . 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Fluid$='Steam_IAPWS' 

A[1]=1 50 [cm A 2] 

T[1]=600 [C] 

P[1]=7000 [kPa] 

Vel[1]= 60 [m/s] 

A[2]=1400 [cm A 2] 

P[2]=25 [kPa] 
q_out = 20 [kJ/kg] 

m_dot = A[1]*Vel[1]/v[1]*convert(cm A 2,m A 2) 

v[1]=volume(Fluid$, T=T[1], P=P[1 ]) "specific volume of steam at state 1" 
Vel[2]=m_dot*v[2]/(A[2]*convert(crn A 2,m A 2)) 

v[2]=volume(Fluid$, x=0.95, P=P[2]) "specific volume of steam at state 2" 
T[2]=temperature(Fluid$, P=P[2], v=v[2]) ”[C]" "not required, but good to know" 

"[conservation of Energy for steady-flow:" 

"Ein_dot - Eout_dot = DeltaE_dot" "For steady-flow, DeltaE_dot = 0" 

DELTAE_dot=0 

"For the turbine as the control volume, neglecting the PE of each flow steam:" 

E_dot_in=E_dot_out 

h[1 ]=enthalpy(Fluid$,T=T[1 ], P=P[1 ]) 

E_dotJn=m_dot*(h[1 ]+ Vel[1] A 2/2*Convert(m A 2/s A 2, kJ/kg)) 
h[2]=enthalpy(Fluid$,x=0.95, P=P[2]) 

E_dot_out=m_dot*(h[2]+ Vel[2] A 2/2*Convert(m A 2/s A 2, kJ/kg))+ m_dot *q_out+ W_dot_out 

Power=W_dot_out 

Q_dot_out=m_dot*q_out 


p 2 

[kPal 

Power 

[kW] 

Vel 2 

[m/s] 

10 

-22158 

2253 

14.44 

-1895 

1595 

18.89 

6071 

1239 

23.33 

9998 

1017 

27.78 

12212 

863.2 

32.22 

13573 

751.1 

36.67 

14464 

665.4 

41.11 

15075 

597.8 

45.56 

15507 

543 

50 

15821 

497.7 


Table values are for A[2]=1000 [cm A 2] 
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Vel[2] [m/s] Power [kW] 


5-152 



P[2] [kPa] 



P[2] [kPa] 
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5-181 Air is preheated by the exhaust gases of a gas turbine in a regenerator. For a specified heat transfer rate, the exit 
temperature of air and the mass flow rate of exhaust gases are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the regenerator to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 5 Exhaust gases can be treated as air. 6 Air is an ideal 
gas with variable specific heats. 

Properties The gas constant of air is 0.287 kPa.m/kg.K (Table A-l). The enthalpies of air are (Table A- 17) 


T x = 550K -> 
T 3 = 800 K -> 
r 4 = 600 K -> 


h x = 555.74 kJ/kg 
/*3 =821.95 kJ/kg 
h 4 = 607.02 kJ/kg 


Analysis (a) We take the air side of the heat exchanger as the system, 
which is a control volume since mass crosses the boundary. There is only 
one inlet and one exit, and thus m x =ni 2 = th. The energy balance for this 
steady-flow system can be expressed in the rate form as 



v 

Rate of net energy transfer 
by heat, work, and mass 


A p ^0 (steady) 
^^system 

v. J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= 0 


£ in = ^out 


Gin + AiiA “ Air^2 ( s i nce W = Ake = Ape = 0) 
Gin =KA h 2~ h \) 


AIR 



Substituting, 

3200 kJ/s = (800/60 kg/s)(/*2 -554.71 kJ/kg) -> h 2 = 794.71 kJ/kg 

Then from Table A- 17 we read 

T 2 = 775.1 K 

( b ) Treating the exhaust gases as an ideal gas, the mass flow rate of the exhaust gases is determined from the steady -flow 
energy relation applied only to the exhaust gases, 

K = K ut 

»*exhaus/*3 = Gout + ™exhaus/*4 ( since W = Ake = Ape S 0) 

Gout = ,,? exhaust(^3 _ ^4) 

3200 kJ/s = m exhaust (821.95 - 607.02) kJ/kg 

It yields 

^exhaust =14.9 kg/S 
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5-182 Water is to be heated steadily from 20°C to 48°C by an electrical resistor inside an insulated pipe. The power rating 
of the resistance heater and the average velocity of the water are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time at any point within the system and thus 
Am^ = 0 and A E cw =0.2 Water is an incompressible substance with constant specific heats. 3 The kinetic and potential 

energy changes are negligible, Ake = Ape = 0.4 The pipe is insulated and thus the heat losses are negligible. 


• • • 3 

Properties The density and specific heat of water at room temperature are p = 1000 kg/m and c = 4.18 kJ/kg °C (Table A- 
3). 


Analysis (a) We take the pipe as the system. This is a control volume since mass crosses the system boundary during the 
process. Also, there is only one inlet and one exit and thus m x = = m . The energy balance for this steady-flow system 

can be expressed in the rate form as 


-^in -^out 


A F 

^-^system 


<PQ (steady) 


= 0 


WATER 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Ein = K ut 


24 L/min 


lAWAMn 


We, in + nih x - mh^ (since Q out = Ake = Ape = 0) 

W e in = m(h 2 - h j) = m[c(T 2 - 7]) + vAP^ 0 ] = mc{T 2 - 7]) 


W, 


A 


D = 7.5 cm 


The mass flow rate of water through the pipe is 

m = pO x = (1000 kg/m 3 )(0.024 m 3 /min) = 24 kg/min 
Therefore, 

W e in =mc(T 2 -T x ) = (24/60 kg/s)(4. 18kJ/kg-° C)(48 - 20) °C = 46.8 kW 


( b ) The average velocity of water through the pipe is determined from 


v = ^ * 


0.024 m 3 /min 


A ttt 2 71(0.0375 m) 


= 5.43m/min 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



5-155 



5-183 An insulated cylinder equipped with an external spring initially contains air. The tank is connected to a supply 
line, and air is allowed to enter the cylinder until its volume doubles. The mass of the air that entered and the final 
temperature in the cylinder are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 The expansion process is 
quasi-equilibrium. 3 Kinetic and potential energies are negligible. 4 The spring is a linear spring. 5 The device is insulated 
and thus heat transfer is negligible. 6 Air is an ideal gas with constant specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). The specific heats of air at room temperature are c„ = 
0.718 and c p = 1.005 kJ/kg-K (Table A-2a). Also, u = c v T and h = c p T. 


Analysis We take the cylinder as the system, which is a control volume 
since mass crosses the boundary. Noting that the microscopic energies 
of flowing and nonflowing fluids are represented by enthalpy h and 
internal energy u , respectively, the mass and energy balances for this 
uniform-flow system can be expressed as 

Mass balance : 

m rn ~ m out = ^system m i = m 2 ~ m \ 


F 


spring 


Energy balance : 


E in ~ E out 


A E, 


system 


Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

mjii = W b oui + m 2 u 2 - m x ii x (since Q = ke = pe = 0) 

Combining the two relations, (m 2 — m x )h t = W h out +m 2 u 2 —m x u x 

or, (m 2 - m x )c p T i = W h out + m 2 cj 2 - m x cj x 

The initial and the final masses in the tank are 

PM (l 50 kPa)(o. 1 1 m 3 ) 

RT X (0.287 kPa • m 3 /kg • Kj(295 K) 



171 2 = 


E 2^2 


(600 kPa)(0.22 m 
RT 2 (0.287 kPa • m 3 /kg • k)t 


459.9 


2 T 2 


Then from the mass balance becomes m i = m 2 - m x = 


459.9 
T , 


-0.1949 


The spring is a linear spring, and thus the boundary work for this process can be determined from 


P x +P 


1 (y 2 - v x ) = ^ 15 ° + 60() ^ kPa (0.22 - 0. 1 l)m 3 =41.25 kJ 


W h = Area = 

2 2 
Substituting into the energy balance, the final temperature of air T 2 is determined to be 


-41.25 = - 


459.9 




-0.1949 


(1.005X295) 


+ 


^ 459.9 ^ 

V T 2 j 


(0.7 18Xt 2 ) - (0. 1949X0.7 1 8X295) 


It yields 

t 2 = 

Thus, 

m 2 = 

and 

m, = 


459.9 459.9 


T \ 


351.4 


= 1.309 kg 


m, = m 2 - m x = 1.309 - 0.1949 = 1.11kg 
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5-184 R-134a is allowed to leave a piston-cylinder device with a pair of stops. The work done and the heat transfer are to be 
determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid leaving the device is assumed to be constant. 2 Kinetic and 
potential energies are negligible. 

Properties The properties of R-134a at various states are (Tables A-l 1 through A- 13) 


P l = 800 kPa 
T x = 80°C 


>u x 

h \ 


= 0.032659 m 3 /kg 
= 290.86 kJ/kg 

= 316.99 kJ/kg 


P 2 = 500kPa 
T 2 = 20°C 


'I i/ 2 =0.0421 15 m 3 /kg 
>u 2 = 242.42 kJ/kg 

J h 2 = 263.48 kJ/kg 


Analysis {a) We take the tank as the system, which is a control volume since 
mass crosses the boundary. Noting that the microscopic energies of flowing and 
nonflowing fluids are represented by enthalpy h and internal energy w, 
respectively, the mass and energy balances for this uniform-flow system can be 
expressed as 

Mass balance : 



"'in - "'out = ^"system m e = "% “ m 2 


Energy balance : 

F - F = A F 

x -'in -^out z - v/ ^system 

V V ' . v V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W hin - Q oui - m e h e = m 2 u 2 - m x u x (since ke = pe = 0) 

The volumes at the initial and final states and the mass that has left the cylinder are 

t/, = m l v l = (2 kg)(0. 032659 m 3 /kg) = 0.06532 m 3 

l/ 2 =m 2 v 2 =(l/2)m,v 2 =(l/2)(2kg)(0.042115 m 3 /kg) = 0.04212 m 3 

m e —m x —m 2 = 2 — 1 = 1 kg 

The enthalpy of the refrigerant withdrawn from the cylinder is assumed to be the average of initial and final enthalpies of the 
refrigerant in the cylinder 

h e = (1 / 2 \h x + h 2 ) = (1 / 2)(3 16.99 + 263.48) = 290.23 kJ/kg 
Noting that the pressure remains constant after the piston starts moving, the boundary work is determined from 
Whin = P 2 (Vi - V ) = ( 50 ° kPa)(0.06532 - 0.04212)m 3 = 1 1 .6kJ 
( b ) Substituting, 

1 1 .6 kJ - Q out - (1 kg)(290. 23 kJ/kg) = (1 kg)(242.42 kJ/kg) - (2 kg)(290. 86 kJ/kg) 

e out =60.7kJ 
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5-185 Air is allowed to leave a piston-cylinder device with a pair of stops. Heat is lost from the cylinder. The amount of 
mass that has escaped and the work done are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid leaving the device is assumed to be constant. 2 Kinetic and 
potential energies are negligible. 3 Air is an ideal gas with constant specific heats at the average temperature. 

Properties The properties of air are R = 0.287 kPa.m 3 /kg.K (Table A-l), c u = 0.733 kJ/kg.K, c p = 1.020 kJ/kg.K at the 
anticipated average temperature of 450 K (Table A-2b). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 


Mass balance : m in - m out = A»z system -» m e = m 1 - m 2 


Energy 
balance : 


fin £out '^^system 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Wb in - Q oui - m e h e = m 2 u 2 m x u x (since ke = pe ~ 0) 


or Wb.m - Gout - m e C p T e = m 2 cj 2 ~ m fJ\ 


The temperature of the air withdrawn from the cylinder is assumed to 
be the average of initial and final temperatures of the air in the 
cylinder. That is, 



T e =(1/2X7! +r 2 ) = (l/2)(473 + r 2 ) 


The volumes and the masses at the initial and final states and the mass that has escaped from the cylinder are given by 

v >r h RT, _ (1.2kg)(0.287 kPa.m 3 /kg.K)(200 + 273 K) ^ 

1 P 1 (700 kPa) ' m 

l/ 2 = 0.80^! = (0.80X0.2327) = 0.1862 m 3 


nto = 


P 2 </ 2 


(600 kPa)(0. 1862 mfi 389.18 


RT 2 (0.287 kPa.m 3 /kg.K)T 2 T 2 


kg 


m e = m j —m 2 = 


1.2 


389.18 

T o 


kg 


Noting that the pressure remains constant after the piston starts moving, the boundary work is determined from 
Whin = p 2 -V 2 ) = (600 kPa)(0.2327 - 0. 1 862)m 3 = 27.9 kJ 


Substituting, 


27.9 kJ - 40 kJ - 


( 

1 . 2 - 

v 


389.18 
T , 


(1 .020 kJ/kg. K)(l/2)(473 + T 2 ) 


389.18 

v T 2 


\ 

(0.733 kJ/kg.K )T 2 - (1.2 kg)(0.733 kJ/kg.K)(473 K) 


The final temperature may be obtained from this equation by a trial-error approach or using EES to be 

T 2 = 415.0 K 

Then, the amount of mass that has escaped becomes 

^ 389.18 „ 

m = 1.2 = 0.262kg 

* 415.0 K 
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5-186 Geothermal water flows through a flash chamber, a separator, and a turbine in a geothermal power plant. The 
temperature of the steam after the flashing process and the power output from the turbine are to be determined for different 
flash chamber exit pressures. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The devices are insulated so that there are no heat losses to the surroundings. 4 Properties of steam are used 
for geothermal water. 

Analysis For all components, we take the steam as the system, which is a control volume since mass crosses the boundary. 
The energy balance for this steady-flow system can be expressed in the rate form as 


Energy balance: 


r _ r _ a 77 ^0 (steady) 

-^in ^out ZAiZ 'system 

' ' , ' V ' 

Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 


For each component, the energy balance reduces to 
Flash chamber: h x = h 2 


Separator: m 2 h 2 = m 3 h 3 + AquiAquid 



20 kPa 
x=0.95 


Turbine: 


Ifj — 771 3 (h 3 h 4 ) 


{a) For a flash chamber exit pressure of P 2 = 1 MPa 
The properties of geothermal water are 


\ ~ Kat@ 23 CPC - 990.14kJ/kg 


h 2 = h\ 

Jh~ hf @ loookPa _ 990.14-762.51 _ n 1 1Q 

X'-) — — — U. 1 1 


h 


fg @ lOOOkPa 


2014.6 


^2 - T sat @ loookPa - 1 79 . 9 °C 


P 3 = lOOOkPa 


x 3 = 1 

P 4 = 20 kPa 
x 4 = 0.95 


h 3 = 2777.1 kJ/kg 


h 4 = h f + x 4 h jg = 251.42 + (0.05)(2357.5 kJ/kg) = 2491.1 kJ/kg 


The mass flow rate of vapor after the flashing process is 
m 3 = x 2 m 2 = (0. 1 13)(50 kg/s) = 5. 649 kg/s 
Then, the power output from the turbine becomes 

W T = (5.649 kg/s)(2777. 1 - 2491 . 1) = 1 61 6kW 


Repeating the similar calculations for other 

pressures, we obtain 

(b) For P 2 = 500 kPa, 

T 2 = 1 51 .8°C, 

W T =2134kW 

(c) For P 2 = 100 kPa, 

T 2 =99.6°C, 

W T =2333kW 

(d) For P 2 =50 kPa, 

T 2 =81 .3°C, 

W T =2173kW 
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5-187 The turbocharger of an internal combustion engine consisting of a turbine, a compressor, and an aftercooler is 
considered. The temperature of the air at the compressor outlet and the minimum flow rate of ambient air are to be 
determined. 

Assumptions 1 All processes are steady since there is no 
change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Air properties are used for exhaust gases. 4 Air is 
an ideal gas with constant specific heats. 5 The mechanical 
efficiency between the turbine and the compressor is 100%. 

6 All devices are adiabatic. 7 The local atmospheric pressure is 
100 kPa. 

Properties The constant pressure specific heats of exhaust 
gases, warm air, and cold ambient air are taken to be c p = 

1.063, 1.008, and 1.005 kJ/kg-K, respectively (Table A-2b). 

Analysis (a) An energy balance on turbine gives 

W T = /«exhC p ,exhkexh,l - r exh, 2 )= (0-02 kg/s)(1.063 kj/kg • K)(400 - 350)K = 1 .063 kW 

This is also the power input to the compressor since the mechanical efficiency between the turbine and the compressor is 
assumed to be 100%. An energy balance on the compressor gives the air temperature at the compressor outlet 

W C =<c p ^2-T^) 

1.063 kW = (0.018 kg/s)( 1.008 kj/kg- K)f/’ a2 -50)K >T. i2 = 108.6°C 

( b ) An energy balance on the aftercooler gives the mass flow rate of cold ambient air 

^a%?,a C^a,2 — -^a,3^ — ^ca^/?,ca C^ca,2 — -^ca,l) 

(0.018 kg/s)( 1.008 kJ/kg • °C)(108.6 - 80)°C = m ca (1.005 kJ/kg • °C)(40 - 30)°C 

m ca =0.05 161 kg/s 

The volume flow rate may be determined if we first calculate specific volume of cold ambient air at the inlet of aftercooler. 
That is, 



i/ 


ca 


RT 

P 


(0.287 kJ/kg • K)(30 + 273 K) 
100 kPa 


0.8696 m 3 /kg 


t> a =mi/ ca = (0.05 161 kg/s)(0.8696m 3 /kg) = 0.0449m 3 /s = 44.9L/S 
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5-188 A building is to be heated by a 30-kW electric resistance heater placed in a duct inside. The time it takes to raise the 
interior temperature from 14°C to 24°C, and the average mass flow rate of air as it passes through the heater in the duct are 
to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room temperature. 3 
Kinetic and potential energy changes are negligible. 4 The heating duct is adiabatic, and thus heat transfer through it is 
negligible. 5 No air leaks in and out of the building. 

Properties The gas constant of air is 0.287 kPa.m Vkg.K (Table A-l). The specific heats of air at room temperature are c p = 
1.005 and C(/ = 0.718 kJ/kg-K (Table A-2). 


Analysis {a) The total mass of air in the building is 

PM (95 kPa)(400m 3 ) 

m = = r 

RT X 10.287 kPa • m 3 /kg • K 1287 K) 


= 461.3 kg . 


We first take the entire building as our system, which is a 
closed system since no mass leaks in or out. The time required 
to raise the air temperature to 24°C is determined by applying 
the energy balance to this constant volume closed system: 


^in ^out 


'system 


Net energy transfer C h an gein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

'Kmh + '"f an.,,, - Gout = AU <' sinCC AKE = APE = 0) 
Af (^e,in + Wian.in - Gout) = WIC i/,avg( 7 2 “ T \ ) 


450 kJ/min 


T 2 = Ti + 5°C 


l/= 400 nr 
P = 95 kPa 


14°C -> 24°C 


250 W 


Solving for At gives 

A{ = rnc^fc-Tj = (461.3 kg)(0.718 kJ/kg-°C)(24- 14)°C = ^ § 
w e .i„ + tffan.in ~ Gout (30 kj/s) + (0.25 kj/s) - (450/60 kj/s) 

( b ) We now take the heating duct as the system, which is a control volume since mass crosses the boundary. There is only 
one inlet and one exit, and thus m x = hi 2 = m. The energy balance for this adiabatic steady-flow system can be expressed in 
the rate form as 


Thus, 


^in ^out 


A F 

^-Wsystem 


7IQ (steady) 


Rate of net energy transfer Rate of changein internal, kinetic, 

b y h eat, wo rk , an d mas s p o ten ti al ,etc . en erg ies 

^in = ^out 

^e.in + tffan,in + = '”^2 ( s i nce G = AI-CC = Ape = 0) 

We,in +3tfan,in = ^2 ~ K ) = MC p (T 2 -7j) 


^e,in+^fan,i„ (30 + 0.25) kj/s 


c p AT 


(1.005 kJ/kg-° C)(5° C) 


= 6.02 kg/s 
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5-189 A water tank open to the atmosphere is initially filled with water. The tank discharges to the atmosphere through a 
long pipe connected to a valve. The initial discharge velocity from the tank and the time required to empty the tank are to be 
determined. 

Assumptions 1 The flow is incompressible. 2 The draining pipe is horizontal. 3 The tank is considered to be empty when the 
water level drops to the center of the valve. 


Analysis {a) Substituting the known quantities, the discharge velocity can be expressed as 

= ^A2\2gz 


v = 


2 gz 


2 gz 


1.5 + fLID \ 1.5 + 0.015(100 m)/(0. 10 m) 
Then the initial discharge velocity becomes 


V 7 ! =J0.1212gz l = ^0.1212(9.81 m/s 2 )(2m) =1.54 m/s 

where z is the water height relative to the center of the orifice at that time. 

( b ) The flow rate of water from the tank can be obtained by 
multiplying the discharge velocity by the pipe cross-sectional area, 


D, 


\D 


V = = 


7rD 


V0- 12 12 gz 


Then the amount of water that flows through the pipe during a differential time interval dt is 

,2 


* 7rD 

dV = Wt = - — y/O.nngzdt 


( 1 ) 


which, from conservation of mass, must be equal to the decrease in the volume of water in the tank, 

*2 


dV = A. ;mk (-dz) = 


nD \ 


o 


dz 


( 2 ) 


where dz is the change in the water level in the tank during dt. (Note that dz is a negative quantity since the positive direction 
of z is upwards. Therefore, we used -dz to get a positive quantity for the amount of water discharged). Setting Eqs. (1) and 
(2) equal to each other and rearranging, 


nD 


V0. 12 12 gzdt = 


nD, 


dz — » dt = 


D, 


dz 


D, 


D 2 V0.1212gz D 2 V 0 T 2 T 2 V 


z 2 dz 


The last relation can be integrated easily since the variables are separated. Letting tf be the discharge time and integrating it 
from t = 0 when z = Z\ to t = tf when z = 0 (completely drained tank) gives 


\ tf dt = 
Jt=o 


Pp f ( 
D 2 ^0.1212 g J«=zi 


z 112 dz -> t f = - 


D 2 

1 

z 2 

D 2 V0.1212g 

1 

2 


2D; 


Z\ 


D 2 ylOA2l2g 


Simplifying and substituting the values given, the draining time is determined to be 

,2 


r / ” 


2D 


0 


z 


2(10 m) 


2 m 


= 25,940 s = 7.21h 


ZT V 0.1212g (0.1m) 2 \ 0.1212(9.81 m/s 2 ) 

Discussion The draining time can be shortened considerably by installing a pump in the pipe. 
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5-190 A fluid is flowing in a circular pipe. A relation is to be obtained for the average fluid velocity in therms of V(r), R , 
and r. 


Analysis Choosing a circular ring of area dA = liurdr as our differential area, the mass flow rate through a cross-sectional 
area can be expressed as 



5-191 Two streams of same ideal gas at different states are mixed in a mixing chamber. The simplest expression for the 
mixture temperature in a specified format is to be obtained. 

Analysis The energy balance for this steady-flow system can be expressed in the rate form as 



v 

Rate of net energy transfer 
by heat, work, and mass 


a 17 *0 (steady) 

^^system 

s. J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= 0 




m x h x + m 2 h 2 = m 3 /z 3 (since Q-W - 0) 
m 1 c p T l +m 2 c p T 2 =m i c p T 3 


and, 


m h T 



m 2 , T. 


rh 3 = m x + m 2 


Solving for final temperature, we find 
m, m 9 

^3=— 7\+ — T 2 

m 3 m 3 
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5-192 Steam is compressed by an adiabatic compressor from 0.2 MPa and 150°C to 2500 MPa and 250°C at a rate of 1.30 
kg/s. The power input to the compressor is 

(a) 144 kW (b) 234 kW (c) 438 kW (d) 717 kW (e) 901 kW 


Answer (a) 144 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

"Note: This compressor violates the 2nd law. Changing State 2 to 800 kPa and 350C will correct this problem (it 
would give 51 1 kW)" 

PI =200 "kPa" 

T1=150 "C" 

P2=2500 "kPa" 

T2=250 "C" 
m_dot=1 .30 "kg/s" 

Q_dot_loss=0 "kJ/s" 

hi =ENTHALPY(Steam_IAPWS,T=T1 ,P=P1 ) 
h2=ENTHALPY(Steam_IAPWS,T=T2,P=P2) 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
W_dot_in-Q_dot_loss=m_dot*(h2-h1) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Win-Q_dot_loss=(h2-h1)/m_dot "Dividing by mass flow rate instead of multiplying" 
W2_Win-Q_dot_loss=h2-h1 "Not considering mass flow rate" 
ul =INTENERGY(Steam_IAPWS,T =T 1 ,P=P1 ) 
u2=INTENERGY(Steam_IAPWS,T=T2,P=P2) 

W3_Win-Q_dot_loss=m_dot*(u2-u1) "Using internal energy instead of enthalpy" 

W4_Win-Q_dot_loss=u2-u1 "Using internal energy and ignoring mass flow rate" 
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5-193 Steam enters a diffuser steadily at 0.5 MPa, 300°C, and 122 m/s at a rate of 3.5 kg/s. The inlet area of the diffuser is 
(a) 15 cm 2 (b) 50 cm 2 (c) 105 cm 2 (d) 150 cm 2 (e) 190 cm 2 


2 

Answer (d) 150 cm' 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Vel 1 =1 22 "m/s" 

m=3.5 "kg/s" 

T 1 =300 "C" 

PI =500 "kPa" 

"The rate form of energy balance is E_dot_in - E_dot_out = DELTAE_dot_cv" 
vl =VOLUME(SteamJAPWS,T=T1 ,P=P1 ) 
m=(1/v1 )*A*Vel_1 "A in m A 2" 

"Some Wrong Solutions with Common Mistakes:" 

R=0.4615 "kJ/kg.K" 

PI *v1 ideal=R*(T1+273) 

m=(1/v1 ideal)*W1_A*Vel_1 "assuming ideal gas" 

P1*v2ideal=R*T1 

m=(1/v2ideal)*W2_A*Vel_1 "assuming ideal gas and using C" 
m=W3_A*Vel_1 "not using specific volume" 


5-194 An adiabatic heat exchanger is used to heat cold water at 15°C entering at a rate of 5 kg/s by hot air at 90°C entering 
also at rate of 5 kg/s. If the exit temperature of hot air is 20°C, the exit temperature of cold water is 

(a) 27°C (b) 32°C (c) 52°C (d) 85°C (e) 90°C 


Answer (b) 32°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

C_w=4.18 "kJ/kg-C" 

Cp_air=1 .005 "kJ/kg-C" 

Tw1=15 "C" 
m_dot_w=5 "kg/s" 

Tair1=90 "C" 

Tair2=20 "C" 
m_dot_air=5 "kg/s" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_air*Cp_air*(Tairi-Tair2)=m_dot_w*C_w*(Tw2-Tw1) 

"Some Wrong Solutions with Common Mistakes:" 

(Tair1-Tair2)=(W1_Tw2-Tw1) "Equating temperature changes of fluids" 

Cv_air=0.718 "kJ/kg.K" 

m_dot_air*Cv_air*(Tair1 -Tair2)=m_dot_w*C_w*(W2_Tw2-Tw1 ) "Using Cv for air" 

W3_Tw2=Tair1 "Setting inlet temperature of hot fluid = exit temperature of cold fluid" 

W4_Tw2=Tair2 "Setting exit temperature of hot fluid = exit temperature of cold fluid" 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


5-165 


5-195 A heat exchanger is used to heat cold water at 15°C entering at a rate of 2 kg/s by hot air at 85°C entering at rate of 3 
kg/s. The heat exchanger is not insulated, and is loosing heat at a rate of 25 kJ/s. If the exit temperature of hot air is 20°C, 
the exit temperature of cold water is 

(a) 28°C (b) 35 °C (c) 38°C (d) 4 1°C (e) 80°C 


Answer (b) 35°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

C_w=4.18 "kJ/kg-C" 

Cp_air=1 .005 "kJ/kg-C" 

Tw1=15 "C" 
m_dot_w=2 "kg/s" 

Tail"! =85 "C" 

Tair2=20 "C" 
m_dot_air=3 "kg/s" 

Q_loss=25 "kJ/s" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_air*Cp_air*(Tair1-Tair2)=m_dot_w*C_w*(Tw2-Tw1)+Q_loss 

"Some Wrong Solutions with Common Mistakes:" 

m_dot_air*Cp_air*(Tair1-Tair2)=m_dot_w*C_w*(W1_Tw2-Tw1) "Not considering QJoss" 
m_dot_air*Cp_air*(Tair1-Tair2)=m_dot_w*C_w*(W2_Tw2-Tw1)-Q_loss "Taking heat loss as heat gain" 
(Tair1-Tair2)=(W3_Tw2-Tw1) "Equating temperature changes of fluids" 

Cv_air=0.718 "kJ/kg.K" 

m_dot_air*Cv_air*(Tair1 -Tair2)=m_dot_w*C_w*(W4_Tw2-Tw1 )+Q_loss "Using Cv for air" 


5-196 An adiabatic heat exchanger is used to heat cold water at 15°C entering at a rate of 5 kg/s by hot water at 90°C 
entering at rate of 4 kg/s. If the exit temperature of hot water is 50°C, the exit temperature of cold water is 

(a) 42°C (b) 47°C (c) 55°C (d) 78°C (e) 90°C 


Answer (b) 47°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

C_w=4.1 8 "kJ/kg-C" 

Tcold_1=15 "C" 
m_dot_cold=5 "kg/s" 

Thot_1 =90 "C" 

Thot_2=50 "C" 
m_dot_hot=4 "kg/s" 

Q_loss=0 "kJ/s" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_hot*C_w*(Thot_1 -Thot_2)=m_dot_cold*C_w*(Tcold_2-Tcold_1)+Q_loss 

"Some Wrong Solutions with Common Mistakes:" 

Thot_1-Thot_2=W1_Tcold_2-Tcold_1 "Equating temperature changes of fluids" 

W2_Tcold_2=90 "Taking exit temp of cold fluid=inlet temp of hot fluid" 
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5-197 In a shower, cold water at 10°C flowing at a rate of 5 kg/min is mixed with hot water at 60°C flowing at a rate of 2 
kg/min. The exit temperature of the mixture will be 

(a) 24.3°C (b) 35.0°C (c) 40.0°C (d) 44.3°C (e) 55.2°C 


Answer (a) 24.3°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

C_w=4.18 "kJ/kg-C" 

Tcold_1=10 "C" 
m_dot_cold=5 "kg/min" 

Thot_1 =60 "C" 
m_dot_hot=2 "kg/min" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_hot*C_w*Thot_1+m_dot_cold*C_w*Tcold_1=(m_dot_hot+m_dot_cold)*C_w*Tmix 

"Some Wrong Solutions with Common Mistakes:" 

W1_Tmix=(Tcold_1+Thot_1)/2 "Taking the average temperature of inlet fluids" 


5-198 In a heating system, cold outdoor air at 7°C flowing at a rate of 4 kg/min is mixed adiabatically with heated air at 
70°C flowing at a rate of 3 kg/min. The exit temperature of the mixture is 

(a) 34°C (b) 39°C (c) 45°C (d) 63°C (e) 77°C 


Answer (a) 34°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

C_air=1 .005 "kJ/kg-C" 

Tcold_1 =7 "C" 
m_dot_cold=4 "kg/min" 

Thot_1 =70 "C" 
m_dot_hot=3 "kg/min" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_hot*C_air*Thot_1+m_dot_cold*C_air*Tcold_1=(m_dot_hot+m_dot_cold)*C_air*Tmix 
"Some Wrong Solutions with Common Mistakes:" 

W1_Tmix=(Tcold_1+Thot_1)/2 "Taking the average temperature of inlet fluids" 
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5-199 Hot combustion gases (assumed to have the properties of air at room temperature) enter a gas turbine at 1 MPa and 
1500 K at a rate of 0. 1 kg/s, and exit at 0.2 MPa and 900 K. If heat is lost from the turbine to the surroundings at a rate of 15 
kJ/s, the power output of the gas turbine is 

(a) 15 kW (b) 30 kW (c) 45 kW (d) 60 kW (e) 75 kW 


Answer (c) 45 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Cp_air=1 .005 "kJ/kg-C" 

T 1 =1 500 "K" 

T2=900 "K" 
m_dot=0.1 "kg/s" 

Q_dot_loss=15 "kJ/s" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
W_dot_out+Q_dot_loss=m_dot*Cp_air*(T 1 -T2) 

"Alternative: Variable specific heats - using EES data" 

W_dot_outvariable+Q_dot_loss=m_dot*(ENTHALPY(Air,T=T1)-ENTHALPY(Air,T=T2)) 

"Some Wrong Solutions with Common Mistakes:" 

W 1 _Wout=m_dot*Cp_air*(T 1 -T2) "Disregarding heat loss" 

W2_Wout-Q_dot_loss=m_dot*Cp_air*(T1-T2) "Assuming heat gain instead of loss" 


5-200 Steam expands in a turbine from 4 MPa and 500°C to 0.5 MPa and 250°C at a rate of 1350 kg/h. Heat is lost from the 
turbine at a rate of 25 kJ/s during the process. The power output of the turbine is 

(a) 157 kW (b) 207 kW (c)182kW (d) 287 kW (e) 246 kW 


Answer (a) 157 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1=500 "C" 

PI =4000 "kPa" 

T2=250 "C" 

P2=500 "kPa" 
m_dot=1 350/3600 "kg/s" 

Q_dot_loss=25 "kJ/s" 

hi =ENTHALPY(Steam_IAPWS,T=T1 ,P=P1 ) 
h2=ENTHALPY(Steam_IAPWS,T=T2,P=P2) 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
W_dot_out+Q_dot_loss=m_dot*(h1-h2) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Wout=m_dot*(h1-h2) "Disregarding heat loss" 

W2_Wout-Q_dot_loss=m_dot*(h1-h2) "Assuming heat gain instead of loss" 
u1=INTENERGY(Steam_IAPWS,T=T1,P=P1 ) 
u2=INTENERGY(Steam_IAPWS,T=T2,P=P2) 

W3_Wout+Q_dot_loss=m_dot*(u1-u2) "Using internal energy instead of enthalpy" 
W4_Wout-Q_dot_loss=m_dot*(u1-u2) "Using internal energy and wrong direction for heat" 
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5-201 Steam is compressed by an adiabatic compressor from 0.2 MPa and 150°C to 0.8 MPa and 350°C at a rate of 1.30 
kg/s. The power input to the compressor is 

(a) 51 1 kW (b) 393 kW (c) 302 kW (d) 717 kW (e) 901 kW 


Answer (a) 5 1 1 kW 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =200 "kPa" 

T1=150 "C" 

P2=800 "kPa" 

T2=350 "C" 
m_dot=1 .30 "kg/s" 

Q_dot_loss=0 "kJ/s" 

hi =ENTHALPY(Steam_IAPWS,T=T1 ,P=P1 ) 
h2=ENTHALPY(Steam_IAPWS,T=T2,P=P2) 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
W_dot_in-Q_dot_loss=m_dot*(h2-h1) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Win-Q_dot_loss=(h2-h1)/m_dot "Dividing by mass flow rate instead of multiplying" 
W2_Win-Q_dot_loss=h2-h1 "Not considering mass flow rate" 
ul =INTENERGY(Steam_IAPWS,T =T 1 ,P=P1 ) 
u2=INTENERGY(Steam_IAPWS,T=T2,P=P2) 

W3_Win-Q_dot_loss=m_dot*(u2-u1) "Using internal energy instead of enthalpy" 

W4_Win-Q_dot_loss=u2-u1 "Using internal energy and ignoring mass flow rate" 
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5-202 Refrigerant- 1 34a is compressed by a compressor from the saturated vapor state at 0.14 MPa to 0.9 MPa and 60°C at a 
rate of 0.108 kg/s. The refrigerant is cooled at a rate of 1.10 kJ/s during compression. The power input to the compressor is 

(a) 4.94 kW (b) 6.04 kW (c)7.14kW (d) 7.50 kW (e) 8.13 kW 


Answer (c) 7. 14 kW 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =140 "kPa" 
x 1 = 1 

P2=900 "kPa" 

T2=60 "C" 
m_dot=0.108 "kg/s" 

Q_dot_loss=1.10 "kJ/s" 
hi =ENTHALPY(R1 34a,x=x1 ,P=P1 ) 
h2=ENTHALPY(R1 34a,T=T2,P=P2) 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
W_dot_in-Q_dot_loss=m_dot*(h2-h1) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Win+Q_dot_loss=m_dot*(h2-h1) "Wrong direction for heat transfer" 

W2_Win =m_dot*(h2-h1) "Not considering heat loss" 
u1=INTENERGY(R1 34a,x=x1 ,P=P1 ) 
u2=INTENERGY(R1 34a,T=T2,P=P2) 

W3_Win-Q_dot_loss=m_dot*(u2-u1) "Using internal energy instead of enthalpy" 

W4_Win+Q_dot_loss=u2-u1 "Using internal energy and wrong direction for heat transfer" 
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5-203 Refrigerant- 134a expands in an adiabatic turbine from 1.2 MPa and 100°C to 0.18 MPa and 50°C at a rate of 1.25 
kg/s. The power output of the turbine is 

(a) 44.7 kW (b) 66.4 kW (c) 72.7 kW (d) 89.2 kW (e) 1 12.0 kW 


Answer (a) 44.7 kW 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =1200 "kPa" 

T1=100 "C" 

P2=180 "kPa" 

T2=50 "C" 
m_dot=1 .25 "kg/s" 

Q_dot_loss=0 "kJ/s" 
hi =ENTHALPY(R1 34a,T=T1 ,P=P1 ) 
h2=ENTHALPY(R1 34a,T=T2,P=P2) 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
-W_dot_out-Q_dot_loss=m_dot*(h2-h1) 

"Some Wrong Solutions with Common Mistakes:" 

-W1_Wout-Q_dot_loss=(h2-h1)/m_dot "Dividing by mass flow rate instead of multiplying" 
-W2_Wout-Q_dot_loss=h2-h1 "Not considering mass flow rate" 
u1=INTENERGY(R1 34a,T=T1 ,P=P1 ) 
u2=INTENERGY(R1 34a,T=T2,P=P2) 

-W3_Wout-Q_dot_loss=m_dot*(u2-u1) "Using internal energy instead of enthalpy" 
-W4_Wout-Q_dot_loss=u2-u1 "Using internal energy and ignoring mass flow rate" 


5-204 Refrigerant- 1 34a at 1.4 MPa and 90°C is throttled to a pressure of 0.6 MPa. The temperature of the refrigerant after 
throttling is 

(a) 22°C (b) 56°C (c) 82°C (d) 80°C (e) 90.0°C 


Answer (d) 80°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =1400 "kPa" 

T1=90 "C" 

P2=600 "kPa" 

hi =ENTHALPY(R1 34a,T=T1 ,P=P1 ) 

T2=TEMPERATURE(R134a,h=h1 ,P=P2) 

"Some Wrong Solutions with Common Mistakes:" 

W1_T2=T1 "Assuming the temperature to remain constant" 

W2_T2=TEMPERATURE(R1 34a,x=0,P=P2) "Taking the temperature to be the saturation temperature at P2" 
u1=INTENERGY(R134a,T=T1,P=P1) 

W3_T2=TEMPERATURE(R1 34a,u=u1 ,P=P2) "Assuming u=constant" 
vl =VOLUME(R1 34a,T=T1,P=P1 ) 

W4_T2=TEMPERATURE(R1 34a,v=v1 ,P=P2) "Assuming v=constant" 
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5-205 Air at 27 °C and 5 atm is throttled by a valve to 1 atm. If the valve is adiabatic and the change in kinetic energy is 
negligible, the exit temperature of air will be 

(a) 10°C (b) 15°C (c) 20°C (d) 23°C (e) 27°C 


Answer (e) 27°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

"The temperature of an ideal gas remains constant during throttling, and thus T2=T1" 

T1=27 "C" 

PI =5 "atm" 

P2=1 "atm" 

T2=T1 "C" 

"Some Wrong Solutions with Common Mistakes:" 

W1_T2=T1*P1/P2 "Assuming v=constant and using C" 

W2_T2=(T 1 +273)*P1/P2-273 "Assuming v=constant and using K" 

W3_T2=T1*P2/P1 "Assuming v=constant and pressures backwards and using C" 

W4_T2=(T1 +273)*P2/P1 "Assuming v=constant and pressures backwards and using K" 


5-206 Steam at 1 MPa and 300°C is throttled adiabatically to a pressure of 0.4 MPa. If the change in kinetic energy is 
negligible, the specific volume of the steam after throttling will be 

(a) 0.358 m 3 /kg (b) 0.233 m 3 /kg (c) 0.375 m 3 /kg (d) 0.646 m 3 /kg (e) 0.655 m 3 /kg 


Answer (d) 0.646 mVkg 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =1000 "kPa" 

T1=300 "C" 

P2=400 "kPa" 

hi =ENTHALPY(Steam_l APWS,T =T 1 ,P=P1 ) 
v2=VOLUME(Steam_IAPWS,h=h1 ,P=P2) 

"Some Wrong Solutions with Common Mistakes:" 

W1_v2=VOLUME(Steam_IAPWS,T=T1 ,P=P2) "Assuming the volume to remain constant" 
ul =INTENERGY(Steam,T=T1 ,P=P1 ) 

W2_v2=VOLUME(Steam_IAPWS,u=u1,P=P2) "Assuming u=constant" 
W3_v2=VOLUME(Steam_IAPWS,T=T1 ,P=P2) "Assuming T=constant" 
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5-207 Air is to be heated steadily by an 8-kW electric resistance heater as it flows through an insulated duct. If the air enters 
at 50°C at a rate of 2 kg/s, the exit temperature of air will be 

(a) 46.0°C (b) 50.0°C (c) 54.0°C (d) 55.4°C (e) 58.0°C 


Answer (c) 54. CPC 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Cp=1 .005 "kJ/kg-C" 

T1=50 "C" 
m_dot=2 "kg/s" 

W_dot_e=8 "kJ/s" 

W_dot_e=m_dot*Cp*(T2-T 1 ) 

"Checking using data from EES table" 

W_dot_e=m_dot*(ENTHALPY(Air,T=T_2table)-ENTHALPY(Air,T=T1)) 

"Some Wrong Solutions with Common Mistakes:" 

Cv=0.718 "kJ/kg.K" 

W_dot_e=Cp*(W1_T2-T1) "Not using mass flow rate" 

W_dot_e=m_dot*Cv*(W2_T2-T 1 ) "Using Cv" 

W_dot_e=m_dot*Cp*W3_T2 "Ignoring T1" 


5-208 ... 5-212 Design and Essay Problems 
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Solutions Manual for 

Thermodynamics: An Engineering Approach 

8th Edition 

Yunus A. Qengel, Michael A. Boles 
McGraw-Hill, 2015 


Chapter 6 

THE SECOND LAW OF THERMODYNAMICS 


PROPRIETARY AND CONFIDENTIAL 
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The Second Law of Thermodynamics and Thermal Energy Reservoirs 

6- 1C Transferring 5 kWh of heat to an electric resistance wire and producing 6 kWh of electricity. 


6-2C Transferring 5 kWh of heat to an electric resistance wire and producing 5 kWh of electricity. 


6-3C An electric resistance heater which consumes 5 kWh of electricity and supplies 6 kWh of heat to a room. 


6-4C No. Heat cannot flow from a low-temperature medium to a higher temperature medium. 


6-5C A thermal-energy reservoir is a body that can supply or absorb finite quantities of heat isothermally. Some examples 
are the oceans, the lakes, and the atmosphere. 


6-6C Yes. Because the temperature of the oven remains constant no matter how much heat is transferred to the potatoes. 


Heat Engines and Thermal Efficiency 

6-7C Heat engines are cyclic devices that receive heat from a source, convert some of it to work, and reject the rest to a 
sink. 


6-8C It is expressed as "No heat engine can exchange heat with a single reservoir, and produce an equivalent amount of 
work". 


6-9C No. Such an engine violates the Kelvin-Planck statement of the second law of thermodynamics. 


6-10C No. Because 100% of the work can be converted to heat. 


6-11C (a) No, (b) Yes. According to the second law, no heat engine can have and efficiency of 100%. 


6-12C No. Such an engine violates the Kelvin-Planck statement of the second law of thermodynamics. 


6-13C No. The Kelvin-Plank limitation applies only to heat engines; engines that receive heat and convert some of it to 
work. 


6-14C Method (b). With the heating element in the water, heat losses to the surrounding air are minimized, and thus the 
desired heating can be achieved with less electrical energy input. 
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6-15 The rates of heat supply and heat rejection of a power plant are given. The power output and the thermal efficiency of 
this power plant are to be determined. 

Assumptions 1 The plant operates steadily. 2 Heat losses from the working fluid at the pipes and other components are 
taken into consideration. 

Analysis (a) The total heat rejected by this power plant is 
Q l =145 + 8 = 153 GJ/h 
Then the net power output of the plant becomes 

W ne t,out = Qh~Ql= 280 - 153 = 127 GJ/h = 35.3 MW 
(b) The thermal efficiency of the plant is determined from its definition, 




7th = 


net, out 


Q 


H 


127 GJ/h 
280 GJ/h 


c 

Furnace 


Lq h 

(he) — 


\ Ql 


sink) 


= 0.454 = 45.4% 


6-16E The power output and thermal efficiency of a car engine are given. The rate of fuel consumption is to be determined. 
Assumptions The car operates steadily. 

Properties The heating value of the fuel is given to be 19,000 Btu/lbm. 

Analysis This car engine is converting 28% of the chemical energy released during the combustion process into work. The 
amount of energy input required to produce a power output of 110 hp is determined from the definition of thermal 
efficiency to be 


Qh = 


w. 


net, out 

Vth 


110 hp 


f 


0.28 


2545 Btu/h 
1 hp 


Fuel 


= 999,598 Btu/h 


^ ^(^ Engine 


To supply energy at this rate, the engine must burn fuel at a rate of 
. 999,598 Btu/h 


19,000 Btu/lbm 


m = 


= 52.6lbm/h 


19,000 Btu/lbm 

since 19,000 Btu of thermal energy is released for each lbm of fuel burned. 



1 10 hp 

— ► 


28% 


((sink (() 


6-17E The rate of heat input and thermal efficiency of a heat engine are given. The power output of the heat engine is to be 
determined. 


Assumptions 1 The plant operates steadily. 2 Heat losses from the working 
fluid at the pipes and other components are negligible. 

Analysis Applying the definition of the thermal efficiency to the heat engine, 


^net - 7th Qh 

= (0.4X3 xlO 4 Btu/h) 

= 4.72hp 


lhp 

2544.5 Btu/h 


(^/.Source 

3xl0 4 Btu/h . ij th = 40% 

HF \ ► 



W t 


net 
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6-18 The power output and thermal efficiency of a heat engine are given. The rate of heat input is to be determined. 


Assumptions 1 The plant operates steadily. 2 Heat losses from the working 
fluid at the pipes and other components are negligible. 

Analysis Applying the definition of the thermal efficiency to the heat engine, 


Vl> net _ 60 hp ( 0.7457 kJ/s " 
7th 0.35 ^ 1 hp , 


= 128kJ/s 



6-19 The power output and thermal efficiency of a power plant are given. The rate of heat rejection is to be determined, and 
the result is to be compared to the actual case in practice. 

Assumptions 1 The plant operates steadily. 2 Heat losses from the working fluid at the pipes and other components are 
negligible. 

Analysis The rate of heat supply to the power plant is determined from the thermal efficiency relation, 



^net,out 600 MW 
7th 0.4 


= 1500 MW 


The rate of heat transfer to the river water is determined from the first law relation 
for a heat engine, 


Ql = Qh - ^net,out = 1 500 - 600 = 900 MW 


In reality the amount of heat rejected to the river will be lower since part of the 
heat will be lost to the surrounding air from the working fluid as it passes 
through the pipes and other components. 



6-20 The work output and heat input of a heat engine are given. The heat rejection is to be determined. 


Assumptions 1 The plant operates steadily. 2 Heat losses from the working 
fluid at the pipes and other components are negligible. 

Analysis Applying the first law to the heat engine gives 

Q l =Q h -W net = 700 kJ - 250 kJ = 450 k J 
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6-21 The heat rejection and thermal efficiency of a heat engine are given. The heat input to the engine is to be determined. 

Assumptions 1 The plant operates steadily. 2 Heat losses from the working 
fluid at the pipes and other components are negligible. 

Analysis According to the definition of the thermal efficiency as applied to 
the heat engine, 


W net = 7 th <lH 

c 1h ~ c 1l = 7 7 th Qh 
which when rearranged gives 

q L 500 kJ/kg 




1 - 7 * 1 - 0-45 


= 909kJ/kg 



Wnet 


t/h C^Furnace^^) 



6-22 The power output and fuel consumption rate of a power plant are given. The thermal efficiency is to be determined. 
Assumptions The plant operates steadily. 

Properties The heating value of coal is given to be 30,000 kJ/kg. 

Analysis The rate of heat supply to this power plant is 

Qh ~ m coal#HV,coal 

= (60,000 kg/h)(3 0,000 kJ/kg) = 1 .8x 10 9 kJ/h 
= 500 MW 

Then the thermal efficiency of the plant becomes 
Wnet ,out 150 MW 


coal 



150 MW 


7th = 


Q 


H 


500 MW 


= 0.300 = 30 . 0 % 


6-23 The power output and fuel consumption rate of a car engine are given. The thermal efficiency of the engine is to be 
determined. 

Assumptions The car operates steadily. 

Properties The heating value of the fuel is given to be 44,000 kJ/kg. 

Analysis The mass consumption rate of the fuel is 


^fuel (P^)fuei = (0.8 kg/L)(22 IVh) = 17.6 kg/h 
The rate of heat supply to the car is 

Qh - m coal^HV, coal 

= (17.6 kg/h)(44, 000 kJ/kg) 

= 774,400 kJ/h = 215. lkW 


Then the thermal efficiency of the car becomes 


7 th = 


Qh 


55 kW 
215.1 kW 


= 0.256= 25 . 6 % 
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6-24 The United States produces about 5 1 percent of its electricity from coal at a conversion efficiency of about 34 percent. 
The amount of heat rejected by the coal-fired power plants per year is to be determined. 

Analysis Noting that the conversion efficiency is 34%, the amount of heat rejected by the coal plants per year is 


W, 


*7 th = 


coal 


w. 


Qi „ 


Qoui 


w. 


coal 

7 7th 


Qout 

Wcoal 


coal 

+ W. 


coal 


1.878xlO» kW h_ 12 

0.34 

3.646x1 0 12 kWh 



6-25E The power output and thermal efficiency of a solar pond power plant are given. The rate of solar energy collection is 
to be determined. 


Assumptions The plant operates steadily. 

Analysis The rate of solar energy collection or the rate of heat supply to 
the power plant is determined from the thermal efficiency relation to be 



Wnet,out 180 kW 

r i Btu "j 

f 3600 s' 

7th 0.03 

[ 1.055 kJ J 

l lh J 


= 2.05x10 7 Btu/h 



6-26 A coal-burning power plant produces 300 MW of power. The amount of coal consumed during a one -day period and 
the rate of air flowing through the furnace are to be determined. 

Assumptions 1 The power plant operates steadily. 2 The kinetic and potential energy changes are zero. 

Properties The heating value of the coal is given to be 28,000 kJ/kg. 

Analysis (a) The rate and the amount of heat inputs to the power plant are 



W 

rr net,out 

7th 


300 MW 
0.32 


= 937.5 MW 


Q m = Q in At = (937.5 MJ/s)(24 x 3600 s) = 8. 1 x 10 7 MJ 
The amount and rate of coal consumed during this period are 


™coal = 


m coal = 


a 


_ _ 


8.1 x 10 7 MJ 


<7 HV 28 MJ/kg 


= 2.893x1 0 6 kg 


m coal _ 2.893 x lQ 6 kg 
At 24 x 3600 s 


= 33.48 kg/s 


(b) Noting that the air- fuel ratio is 12, the rate of air flowing through the furnace is 
m^ r = (AF)m coal = (12 kg air/kg fuel) (33.48 kg/s) = 401 .8kg/s 
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6-27E An OTEC power plant operates between the temperature limits of 86 °F and 41°F. The cooling water experiences a 
temperature rise of 6°F in the condenser. The amount of power that can be generated by this OTEC plans is to be 
determined. , 


Assumptions 1 Steady operating conditions exist. 2 Water is an 
incompressible substance with constant properties. 

Properties The density and specific heat of water are taken p = 64.0 
lbm/ft 3 and c = 1.0 Btu/lbm.°F, respectively. 

Analysis The mass flow rate of the cooling water is 


^water = pV water = (64.0 lbm/r 3 )(l 3,300 gal/min 


Iff 3 

7.4804 gal y 



113,7901bm/min = 1897 lbm/s 


The rate of heat rejection to the cooling water is 

Qout = <aterC(r out — 7J n ) = (1897 lbnVs)(1.0Btu/lbm°F)(6°F) = ll,380Btu/s 
Noting that the thermal efficiency of this plant is 2.5%, the power generation is determined to be 
W W W 

tj — — r — = — v — — > 0.025=— -» W = 292Btu/s = 308 kW 

Gin ^ + Qout W + (l 1,380 Btu/s) 

since 1 kW = 0.9478 Btu/s. 


Refrigerators and Heat Pumps 

6-28C The difference between the two devices is one of purpose. The purpose of a refrigerator is to remove heat from a 
cold medium whereas the purpose of a heat pump is to supply heat to a warm medium. 

6-29C The difference between the two devices is one of purpose. The purpose of a refrigerator is to remove heat from a 
refrigerated space whereas the purpose of an air-conditioner is remove heat from a living space. 

6-30C No. Because the refrigerator consumes work to accomplish this task. 


6-31C No. Because the heat pump consumes work to accomplish this task. 


6-32C The coefficient of performance of a refrigerator represents the amount of heat removed from the refrigerated space 
for each unit of work supplied. It can be greater than unity. 


6-33C The coefficient of performance of a heat pump represents the amount of heat supplied to the heated space for each 
unit of work supplied. It can be greater than unity. 


6-34C No. The heat pump captures energy from a cold medium and carries it to a warm medium. It does not create it. 
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6-35C No. The refrigerator captures energy from a cold medium and carries it to a warm medium. It does not create it. 


6-36C No device can transfer heat from a cold medium to a warm medium without requiring a heat or work input from the 
surroundings. 


6-37C The violation of one statement leads to the violation of the other one, as shown in Sec. 6-4, and thus we conclude 
that the two statements are equivalent. 


6-38 The heat removal rate of a refrigerator per kW of power it consumes is given. The COP and the rate of heat rejection 
are to be determined. 


Assumptions The refrigerator operates steadily. 

Analysis The coefficient of performance of the refrigerator is determined from its 
definition, 


COP R = 


Q 


L 


5040 kJ/h 


W, 


net, in 


lkW 


lkW 


3600 kJ/h 


1.4 


J 


The rate of heat rejection to the surrounding air, per kW of power consumed, is 
determined from the energy balance, 

q h =q l + w nQt . n = (5040 kJ/h) + (1 x 3600 kJ/h) = 8640 kJ/h 


(^Kitchen aiT^} 



6-39 The rate of heat supply of a heat pump per kW of power it consumes is given. The COP and the rate of heat absorption 
from the cold environment are to be determined. 


Assumptions The heat pump operates steadily. 

Analysis The coefficient of performance of the refrigerator is determined from its definition, 


COP HP = 





net, in 


8000 kJ/h 


lkW 


lkW N 
3600kJ/h y 


2.22 


The rate of heat absorption from the surrounding air, per kW of power consumed, is 
determined from the energy balance, 

q l = q h - W ncum = (8,000kJ/h) - (1)(3600 kJ/h) = 4400kJ/h 
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6-40E The COP and the power input of a residential heat pump are given. The rate of heating effect is to be determined. 
Assumptions The heat pump operates steadily. 

Analysis Applying the definition of the heat pump coefficient of performance 
to this heat pump gives 


Qh = COP HP W ncUn = (2.4X5 hp) 


r 2544.5 Btu/h^ 


1 hp 


30,530Btu/h 



6-41 The power input and the COP of a refrigerator are given. The cooling effect of the refrigerator is to be determined. 
Assumptions The refrigerator operates steadily. 

Analysis Rearranging the definition of the refrigerator coefficient of 
performance and applying the result to this refrigerator gives 

Ql =COP R W netin =(1.8)(1.2kW) = 2.16kW 



6-42 The power consumption and the cooling rate of an air conditioner are given. The COP and the rate of heat rejection are 
to be determined. 


Assumptions The air conditioner operates steadily. 

Analysis (a) The coefficient of performance of the air-conditioner (or 
refrigerator) is determined from its definition, 


COP R 


Q, _ 750 kj/min T 1 kW 
Wnet,in 6 kW 1^60 kJ/min y 


2.08 


b) The rate of heat discharge to the outside air is determined from the 
energy balance, 

Qh = Ql + ^net,in ~ (750 kJ/min)+ (6 x 60 kJ/min) = 1110 kj/min 
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6-43 A refrigerator is used to keep a food department at a specified temperature. The heat gain to the food department and 
the heat rejection in the condenser are given. The power input and the COP are to be determined. 



6-44 The COP and the power consumption of a refrigerator are given. The time it will take to cool 5 watermelons is to be 
determined. 


Assumptions 1 The refrigerator operates steadily. 2 The heat gain of the refrigerator through its walls, door, etc. is 
negligible. 3 The watermelons are the only items in the refrigerator to be cooled. 

Properties The specific heat of watermelons is given to be c = 4.2 kJ/kg.°C. 


Analysis The total amount of heat that needs to be removed from the watermelons is 
Ql = Mr) wateraElons = 5 x (10 kgX4.2 kJ/kg • °CX28 - 8)°C = 4200 kJ 
The rate at which this refrigerator removes heat is 

Ql = (COP R X'k nct . ln )= (1.5X0.45 kW) = 0.675 kW 


That is, this refrigerator can remove 0.675 kJ of heat per second. Thus the time 
required to remove 4200 kJ of heat is 




4200 kJ 
0.675 kJ/s 


= 6222 s = 104 min 



This answer is optimistic since the refrigerated space will gain some heat during this process from the surrounding air, 
which will increase the work load. Thus, in reality, it will take longer to cool the watermelons. 
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6-45 An air conditioner with a known COP cools a house to desired temperature in 15 min. The power consumption 

of the air conditioner is to be determined. 


Assumptions 1 The air conditioner operates steadily. 2 The house is well-sealed so that no air leaks in or out during 
cooling. 3 Air is an ideal gas with constant specific heats at room temperature. 


Properties The constant volume specific heat of air is given to be c u = 0.72 kJ/kg.°C. 


Analysis Since the house is well-sealed (constant volume), the total amount of heat that needs to be removed from the house 
is 


Ql = (/nc„A7’) House = (800 kgXo.72 kJ/kg • °CX35 - 20 )>C = 8640 kJ 

This heat is removed in 30 minutes. Thus the average rate of heat removal from 
the house is 



Ql 

At 


8640 kJ 
30 x 60 s 


= 4.8 kW 


Using the definition of the coefficient of performance, the power input to the air- 
conditioner is determined to be 


W. 


net ,in 


Ql 

COP R 


4.8 kW 
2.8 


1 .71 kW 
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6-46 Problem 6-45 is reconsidered. The rate of power drawn by the air conditioner required to cool the house as a 

function for air conditioner EER ratings in the range 5 to 15 is to be investigated. Representative costs of air conditioning 
units in the EER rating range are to be included. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Since it is well sealed, we treat the house as a closed system (constant volume) 
to determine the rate of heat transfer required to cool the house. Apply the first law, 
closed system on a rate basis to the house." 

"Input Data" 

T_1 =35 [C] 

T_2=20 [C] 

c_v = 0.72 [kJ/kg-C] 

m_house=800 [kg] 

DELTAtime=30 [min] 

“EER=5” 

COP=EER/3.412 

"Assuming no work done on the house and no heat energy added to the house 
in the time period with no change in KE and PE, the first law applied to the house is:" 
E_dot_in - E_dot_out = DELTAE_dot 
E_dot_in = 0 
E_dot_out = Q_dot_L 

DELTAE_dot = m_house*DELTAu_house/DELTAtime 
DELTAu_house = c_v*(T_2-T_1 ) 

"Using the definition of the coefficient of performance of the A/C:" 

W_dot_in = Q_dot_L/COP "kJ/min"*convert('kJ/min','kW') "kW" 

Q_dot_H= W_dot_in*convert('KW','kJ/min') + Q_dot_L "kJ/min" 


EER 

W in 

[kW] 

5 

3.276 

6 

2.73 

7 

2.34 

8 

2.047 

9 

1.82 

10 

1.638 

11 

1.489 

12 

1.365 

13 

1.26 

14 

1.17 

15 

1.092 
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6-47E The rate of heat supply and the COP of a heat pump are given. The power consumption and the rate of heat 
absorption from the outside air are to be determined. 


Assumptions The heat pump operates steadily. 

Analysis (a) The power consumed by this heat pump can be determined 
from the definition of the coefficient of performance of a heat pump to be 


w. 


Q 


H 


net, in 


COP, 


HP 


60,000 Btu/h 
Z5 


24,000 Btu/h = 9.43 hp 


( b ) The rate of heat transfer from the outdoor air is determined from the 
conservation of energy principle, 

Q, = Q„ - VV ncl ln = (60,000 - 24,000)Btu/h= 36, OOOBtu/h 



6-48 A refrigerator is used to cool bananas to a specified temperature. The power input is given. The rate of cooling and the 
COP are to be determined. 

Assumptions The refrigerator operates steadily. 

Properties The specific heat of banana is 3.35 kJ/kg-°C. 

Analysis The rate of cooling is determined from 

Q l = me p (T x - r 2 ) = (215 / 60 kg/min)(3.35 kJ/kg • °C)(24 - 13) °C = 1 32 kJ/min 
The COP is 

CQpA= (132/60)kW = 1.57 
W in 1.4kW 


6-49 The rate of heat loss, the rate of internal heat gain, and the COP of a heat pump are given. The power input to the heat 
pump is to be determined. 

Assumptions The heat pump operates steadily. 

Analysis The heating load of this heat pump system is the difference between the heat 
lost to the outdoors and the heat generated in the house from the people, lights, and 
appliances, 

Q h = 85,000 - 4000 = 8 1,000 kJ/h 

Using the definition of COP, the power input to the heat pump is determined to be 


W, 


Q 


H 


81,000 kJ/h 


net, in 


COP 


HP 


3.2 


lkW 


3600 kJ/h 


7.03kW 
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Outdoors 


:> 


6-50E The COP and the refrigeration rate of an ice machine are given. The power consumption is to be determined. 
Assumptions The ice machine operates steadily. 

Analysis The cooling load of this ice machine is 

Q l = mq L = (28 lbm/h)(l69 Btu/lbm) = 4732 Btu/h 

Using the definition of the coefficient of performance, the power input 
to the ice machine system is determined to be 

r \ 

= 0.775 hp 


W, 


Q 


L 


4732 Btu/h 


net, in 


COP, 


R 


2.4 


1 hp 


2545 Btu/h 



6-51 The COP and the refrigeration rate of a refrigerator are given. The power consumption of the refrigerator is to be 
determined. 


Assumptions The refrigerator operates steadily. 

Analysis Since the refrigerator runs one-fourth of the time and removes 
heat from the food compartment at an average rate of 800 kJ/h, the 
refrigerator removes heat at a rate of 

Q l = 4 x (800 kJ/h) = 3200 kJ/h 


when running. Thus the power the refrigerator draws when it is running is 


W. 


Q 


L 


net,in 


COP, 


R 


3200 kJ/h 

2.2 


= 1455 kJ/h = 0.40 kW 


C^Kitchen air~"^) 



6-52 The rate of heat loss from a house and the COP of the heat pump are given. The power consumption of the heat pump 
when it is running is to be determined. 


Assumptions The heat pump operates one-third of the time. 

Analysis Since the heat pump runs one-third of the time and must 
supply heat to the house at an average rate of 22,000 kJ/h, the heat 
pump supplies heat at a rate of 

Q H = 3 x (22,000 kJ/h) = 66,000 kJ/h 


when running. Thus the power the heat pump draws when it is running is 

r , , \ 


W. 


Q 


H 


66,000 kJ/h 


net, in 


COP, 


HP 


2.8 


lkW 


3600 kJ/h 


= 6.55 kW 



22,000 

kJ/h 


COP = 2.8 


■- 

(^^tside^^) 
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6-53E An office that is being cooled adequately by a 12,000 Btu/h window air-conditioner is converted to a computer room. 
The number of additional air-conditioners that need to be installed is to be determined. 

Assumptions 1 The computers are operated by 7 adult men. 2 The computers consume 40 percent of their rated power at 
any given time. 

Properties The average rate of heat generation from a person seated in a room/office is 100 W (given). 

Analysis The amount of heat dissipated by the computers is equal to the 
amount of electrical energy they consume. Therefore, 

^computers = (Rated power) x (Usage factor) = (8.4kW)(0.4) = 3.36kW 

Specie = (No. of people) X 0 peison = 7 x (100 W) = 700 W 

G total = Scomputers + Speople = 3360 + 700 = 4060 W = 13,853 Btu/h 

since 1 W = 3.412 Btu/h. Then noting that each available air conditioner provides 
7000 Btu/h cooling, the number of air-conditioners needed becomes 

__ . . . Coolingload 13,853 Btu/h 

No. or air conditioners = = 

Cooling capacity of A/C 7000 Btu/h 

= 1.98 « 2 Air conditioners 


6-54 A decision is to be made between a cheaper but inefficient air-conditioner and an expensive but efficient air- 
conditioner for a building. The better buy is to be determined. 

Assumptions The two air conditioners are comparable in all aspects other than the initial cost and the efficiency. 

Analysis The unit that will cost less during its lifetime is a better buy. The total cost of a system during its lifetime (the 
initial, operation, maintenance, etc.) can be determined by performing a life cycle cost analysis. A simpler alternative is to 
determine the simple payback period. The energy and cost savings of the more efficient air conditioner in this case is 

Energy savings = (Annual energy usage of A) - (Annual energy usage of B) 

= (Annual cooling load)(l / COP A - 1 / COP B ) 

= (40,000 kWh/year)(l/2.3 - 1/3.6) 

= 6280 kWh/year 

Cost savings = (Energy savings)(Unit cost of energy) 

= (6280 kWh/year)($0. 10/kWh) = $628/year 

The installation cost difference between the two air-conditioners is 

Cost difference = Cost of B - cost of A = 7000 - 5500 = $1500 

Therefore, the more efficient air-conditioner B will pay for the $1500 
cost differential in this case in about $1500/$628 = 2.39 years. 

Discussion A cost conscious consumer will have no difficulty in deciding that the more expensive but more efficient air- 
conditioner B is clearly the better buy in this case since air conditioners last at least 15 years. But the decision would not be 
so easy if the unit cost of electricity at that location was much less than $0.1 0/kWh, or if the annual air-conditioning load of 
the house was much less than 40,000 kWh. 
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6-55 Refrigerant- 134a flows through the condenser of a residential heat pump unit. For a given compressor power 
consumption the COP of the heat pump and the rate of heat absorbed from the outside air are to be determined. 


Assumptions 1 The heat pump operates steadily. 2 The 
kinetic and potential energy changes are zero. 

Properties The enthalpies of R-134a at the condenser 
inlet and exit are 


P x = 800 kPa 
7j = 35°C 

P 2 = 800kPa 
x 2 =0 


|/zj = 271.24 kJ/kg 
>h 2 =95.48 kJ/kg 


800 kPa 
v=0 



Condenser 


X Expansion 
valve 


Compressor 


Analysis (a) An energy balance on the condenser gives 
the heat rejected in the condenser 

q h =m(h x - /i 2 ) = (0.018 kg/s)(27 1 .24 - 95.48) kJ/kg = 3. 164 kW 


Evaporator 



The COP of the heat pump is 


800 kPa 
35°C 


Win 



COP = %- 

w 


in 


3.164kW _2 q/\ 
1.2 kW 


(b) The rate of heat absorbed from the outside air 
Ql=Qh -W in = 3.164-1.2 = 1.96kW 


Perpetual-Motion Machines 

6-56C This device creates energy, and thus it is a PMM1. 
6-57C This device creates energy, and thus it is a PMM1. 


Reversible and Irreversible Processes 

6-58C No. Because it involves heat transfer through a finite temperature difference. 


6-59C This process is irreversible. As the block slides down the plane, two things happen, (a) the potential energy of the 
block decreases, and (b) the block and plane warm up because of the friction between them. The potential energy that has 
been released can be stored in some form in the surroundings (e.g., perhaps in a spring). When we restore the system to its 
original condition, we must (a) restore the potential energy by lifting the block back to its original elevation, and (b) cool the 
block and plane back to their original temperatures. 

The potential energy may be restored by returning the energy that was stored during the original process as the 
block decreased its elevation and released potential energy. The portion of the surroundings in which this energy had been 
stored would then return to its original condition as the elevation of the block is restored to its original condition. 

In order to cool the block and plane to their original temperatures, we have to remove heat from the block and 
plane. When this heat is transferred to the surroundings, something in the surroundings has to change its state (e.g., perhaps 
we warm up some water in the surroundings). This change in the surroundings is permanent and cannot be undone. Hence, 
the original process is irreversible. 
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6-60C The chemical reactions of combustion processes of a natural gas and air mixture will generate carbon dioxide, water, 
and other compounds and will release heat energy to a lower temperature surroundings. It is unlikely that the surroundings 
will return this energy to the reacting system and the products of combustion react spontaneously to reproduce the natural 
gas and air mixture. 


6-61 C Adiabatic stirring processes are irreversible because the energy stored within the system can not be spontaneously 
released in a manor to cause the mass of the system to turn the paddle wheel in the opposite direction to do work on the 
surroundings. 


6-62C When the compression process is non-quasi equilibrium, the molecules before the piston face cannot escape fast 
enough, forming a high pressure region in front of the piston. It takes more work to move the piston against this high 
pressure region. 


6-63C When an expansion process is non-quasiequilibrium, the molecules before the piston face cannot follow the piston 
fast enough, forming a low pressure region behind the piston. The lower pressure that pushes the piston produces less work. 


6-64C The irreversibilities that occur within the system boundaries are internal irreversibilities; those which occur outside 
the system boundaries are external irreversibilities. 


6-65C A reversible expansion or compression process cannot involve unrestrained expansion or sudden compression, and 
thus it is quasi-equilibrium. A quasi-equilibrium expansion or compression process, on the other hand, may involve 
external irreversibilities (such as heat transfer through a finite temperature difference), and thus is not necessarily reversible. 


6-66C Because reversible processes can be approached in reality, and they form the limiting cases. Work producing 
devices that operate on reversible processes deliver the most work, and work consuming devices that operate on reversible 
processes consume the least work. 


The Carnot Cycle and Carnot's Principle 

6-67C The four processes that make up the Carnot cycle are isothermal expansion, reversible adiabatic expansion, 
isothermal compression, and reversible adiabatic compression. 


6-68C They are (1) the thermal efficiency of an irreversible heat engine is lower than the efficiency of a reversible heat 
engine operating between the same two reservoirs, and (2) the thermal efficiency of all the reversible heat engines operating 
between the same two reservoirs are equal. 


6-69C (a) No, (b) No. They would violate the Carnot principle. 
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6-70C False. The second Carnot principle states that no heat engine cycle can have a higher thermal efficiency than the 
Carnot cycle operating between the same temperature limits. 


6-71 C Yes. The second Carnot principle states that all reversible heat engine cycles operating between the same 
temperature limits have the same thermal efficiency. 


Carnot Heat Engines 

6-72C No. 


6-73C The one that has a source temperature of 600°C. This is true because the higher the temperature at which heat is 
supplied to the working fluid of a heat engine, the higher the thermal efficiency. 


6-74 Two pairs of thermal energy reservoirs are to be compared from a work -production perspective. 
Assumptions The heat engine operates steadily. 

Analysis For the maximum production of work, a heat engine operating between the energy 
reservoirs would have to be completely reversible. Then, for the first pair of reservoirs 


7 th, 


max 


= 1 


T 


L 


T 


= 1 


H 


325 K 
675 K 


0.519 


For the second pair of reservoirs, 


7th, 


max 


= 1 


T 


L 


T 


= 1 


H 


275 K 
625 K 


= 0.560 



The second pair is then capable of producing more work for each unit of heat extracted from the hot reservoir. 
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6-75E The sink temperature of a Carnot heat engine, the rate of heat rejection, and the thermal efficiency are given. The 
power output of the engine and the source temperature are to be determined. 

Assumptions The Carnot heat engine operates steadily. 

Analysis (a) The rate of heat input to this heat engine is determined from the definition of thermal efficiency, 


7* =1 


Ql 


■» 0.55 = 1 


800 Btu/min 


■» Q h = 1777.8 Btu/min 


Qh Qh 

Then the power output of this heat engine can be determined from 

W ne t,out = 7th Qh = (0.55Xl777. 8 Btu/min) = 977. 8 Btu/min = 23.1 hp 


(b) For reversible cyclic devices we have 


'Qh' 
Q 




rev 


f T ^ 

1 H 

K T LJ 


Thus the temperature of the source T H must be 


T h = 


' Oh' 

\Ql J 


T l = 


rev 


^ 1777.8 Btu/min N 
800 Btu/min 


(520 R) = 1155.6 R 



6-76 The sink temperature of a Carnot heat engine and the rates of heat supply and heat rejection are given. The source 
temperature and the thermal efficiency of the engine are to be determined. 


Assumptions The Carnot heat engine operates steadily. 


Analysis (a) For reversible cyclic devices we have 


Thus the temperature of the source T H must be 


r Q ' 


Q 


H 


J 


rev 


r T ^ 

1 H 

K T LJ 


T h = 


' Qh ' ' 
v Ql j 


T l = 


rev 


r 650 kJ ^ 
250 kJ 


(297 K) = 772.2 K 



C^24°C 


( b ) The thermal efficiency of a Carnot heat engine depends on the source and the sink temperatures only, and is determined 
from 


7,h, c = 1 - 

1 H 


297 K 

1 = 0.615 or 61.5% 

772.2 K 


6-77 The source and sink temperatures of a Carnot heat engine and the rate of heat supply are given. The thermal efficiency 
and the power output are to be determined. 


Assumptions The Carnot heat engine operates steadily. 

Analysis (a) The thermal efficiency of a Carnot heat engine depends on the 
source and the sink temperatures only, and is determined from 


7th ,c ~ 1 


Ti 


L 


Ti 


= 1 


H 


300 K 
1000 K 


= 0.70 or 70% 


(b) The power output of this heat engine is determined from the definition of 
thermal efficiency, 

Wnet,out - 7th Qh = (0.70)(800 kJ/min) = 560 kJ/min = 9.33 kW 


C^OOK^) 



<^_300 K 
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6-78 The source and sink temperatures of a heat engine and the rate of heat supply are given. The maximum possible 
power output of this engine is to be determined. 


Assumptions The heat engine operates steadily. 

Analysis The highest thermal efficiency a heat engine operating between two specified 
temperature limits can have is the Carnot efficiency, which is determined from 


7 th, max 7th, C ^ 


T 


L 


T 


= 1 - 


H 


298 K 
(477 + 273) K 


= 0.600 or 60.0% 


Then the maximum power output of this heat engine is determined 
from the definition of thermal efficiency to be 

^net.out - 7th Qh ~ (o. 600^65,000 kJ/min) = 39,000 kJ/min = 653 kW 
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6-79 Problem 6-78 is reconsidered. The effects of the temperatures of the heat source and the heat sink on the power 

produced and the cycle thermal efficiency as the source temperature varies from 300°C to 1000°C and the sink temperature 
varies from 0°C to 50°C are to be studied. The power produced and the cycle efficiency against the source temperature for 
sink temperatures of 0°C, 25°C, and 50°C are to be plotted. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


TH = 477 [C] 

T_L =25 [C] 

Q_dot_H = 65000 [kJ/min] 

"First Law applied to the heat engine" 

Q_dot_H - Q_dot_L- W_dot_net = 0 
W_dot_net_KW=W_dot_net*convert(kJ/min,kW) 

"Cycle Thermal Efficiency - Temperatures must be absolute" 
eta_th = 1 - (T_L + 273)/(T_H + 273) 

"Definition of cycle efficiency" 
eta th=W dot net / Q dot H 



Th [C] 


Th 

[01 

W netkW 

[kW] 

nth 

300 

567.2 

0.5236 

400 

643.9 

0.5944 

500 

700.7 

0.6468 

600 

744.6 

0.6873 

700 

779.4 

0.7194 

800 

807.7 

0.7456 

900 

831.2 

0.7673 

1000 

851 

0.7855 


Values for T L = 0°C 



Th [C] 
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6-80E The claim of an inventor about the operation of a heat engine is to be evaluated. 
Assumptions The heat engine operates steadily. 

Analysis If this engine were completely reversible, the thermal efficiency would be 

T, 


7th, 


max 


= 1 - 


T 


* = l-^ = 0.467 


H 


920 R 


When the first law is applied to the engine above, 


2/,=W n et+eL=(4.5h P ) 


2544.5 Btu/h 
lhp 


+ 15,000 Btu/h = 26,450 Btu/h 


The actual thermal efficiency of the proposed heat engine is then 


W. 


7th = 


net 


4.5hp 


Q h 26,450 Btu/h 


2544.5 Btu/h 
lhp 


\ 


= 0.433 



4.5 hp 


Since the thermal efficiency of the proposed heat engine is smaller than that of a completely reversible heat engine which 
uses the same isothermal energy reservoirs, the inventor's claim is valid (but not probable with these values). 


6-81 The work output and thermal efficiency of a Carnot heat engine are given. The heat supplied to the heat engine, the 
heat rejected and the temperature of heat sink are to be determined. 


Assumptions 1 The heat engine operates steadily. 2 Heat losses from the 
working fluid at the pipes and other components are negligible. 

Analysis Applying the definition of the thermal efficiency and an energy 
balance to the heat engine, the unknown values are determined as follows: 


Qh = 


W. 


net 


500 kJ 


=1250kJ 


7, h 0- 4 

q l = q h -w net = 1250 - 500 = 750kJ 


7th, 


max 


= 1 - 


T 


L 


T 


->0.40 = 1 - 


T 


L 


H 


(1200 + 273) K 


>T l = 883.8 K = 61 


C2j 2 °0°C 



1°C 


6-82 The source and sink temperatures of an OTEC (Ocean Thermal Energy Conversion) power plant are given. The 
maximum thermal efficiency is to be determined. 

Assumptions The power plant operates steadily. 24°C 

Analysis The highest thermal efficiency a heat engine operating between two 
specified temperature limits can have is the Carnot efficiency, which is determined 
from 


7th, max - 7th, C - ^ 


T t 


L 


T, 


= 1 - 


H 


276 K 
297 K 


= 0.071 or 7 . 1 % 
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6-83 The source and sink temperatures of a geothermal power plant are given. The maximum thermal efficiency is to be 
determined. 


Assumptions The power plant operates steadily. 

Analysis The highest thermal efficiency a heat engine operating between two 
specified temperature limits can have is the Carnot efficiency, which is determined 
from 


7 th, max “ 7th ,C “ 1 


Ti 


L 


T, 


H 


20 + 273 K 
140 + 273 K 


= 0.291 or 29.1% 


140°C_^> 



Carnot Refrigerators and Heat Pumps 

6-84C The difference between the temperature limits is typically much higher for a refrigerator than it is for an air 
conditioner. The smaller the difference between the temperature limits a refrigerator operates on, the higher is the COP. 
Therefore, an air-conditioner should have a higher COP. 


6-85C The deep freezer should have a lower COP since it operates at a much lower temperature, and in a given 
environment, the COP decreases with decreasing refrigeration temperature. 


6-86C By increasing T L or by decreasing T H . 


6-87C No. At best (when everything is reversible), the increase in the work produced will be equal to the work consumed 
by the refrigerator. In reality, the work consumed by the refrigerator will always be greater than the additional work 
produced, resulting in a decrease in the thermal efficiency of the power plant. 


6-88C No. At best (when everything is reversible), the increase in the work produced will be equal to the work consumed 
by the refrigerator. In reality, the work consumed by the refrigerator will always be greater than the additional work 
produced, resulting in a decrease in the thermal efficiency of the power plant. 


6-89C Bad idea. At best (when everything is reversible), the increase in the work produced will be equal to the work 
consumed by the heat pump. In reality, the work consumed by the heat pump will always be greater than the additional 
work produced, resulting in a decrease in the thermal efficiency of the power plant. 
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6-90 An experimentalist claims to have developed a refrigerator. The experimentalist reports temperature, heat transfer, and 
work input measurements. The claim is to be evaluated. 

Analysis The highest coefficient of performance a refrigerator can have when removing heat from a cool medium at -30°C 
to a warmer medium at 25 °C is 


1 


1 


COP R max = C0P R rev = 7 \ - 7 w \ 

’ ’ \r H IT L )-\ (25 + 273 K)/(- 30 + 273 KJ-1 

The work consumed by the actual refrigerator during this experiment is 
W n et,in = W n <*jn‘ At = ( 2 kJ/sX20 x 60 s) = 2400 kJ 
Then the coefficient of performance of this refrigerator becomes 


= 4.42 


COP R = 


Q 


L 


30,000kJ 


W 

net, in 


= 12.5 


2400kJ 

which is above the maximum value. Therefore, these measurements are not reasonable. 



2 kW 


6-91 The refrigerated space and the environment temperatures of a Carnot refrigerator and the power consumption are 
given. The rate of heat removal from the refrigerated space is to be determined. 


Assumptions The Carnot refrigerator operates steadily. 

Analysis The coefficient of performance of a Carnot refrigerator depends on the 
temperature limits in the cycle only, and is determined from 


COP RC = 



1 

(22+273K)/(3 + 273K)-l 


14.5 


The rate of heat removal from the refrigerated space is determined from the 
definition of the coefficient of performance of a refrigerator, 

Q l = COP R W netin - (14.5X2 kW) - 29.0 kW = 1740 kj/min 


C^22°C 



6-92 The cooled space and the outdoors temperatures for a Carnot air-conditioner and the rate of heat removal from the air- 
conditioned room are given. The power input required is to be determined. 

Assumptions The air-conditioner operates steadily. 


Analysis The COP of a Carnot air conditioner (or Carnot refrigerator) depends on the temperature limits in the cycle only, 
and is determined from 


1 


1 


COP R,c {p H !T L )-\ (35 + 273 K)/(24 + 273 K) - 1 


= 27.0 


<^35°C 


The power input to this refrigerator is determined from the definition of 
the coefficient of performance of a refrigerator, 


W, 


Q 


L 


net, in 


COP, 


R,max 


750 kJ/min 
27.0 


= 27.8 kJ/min = 0.463 kW 
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6-93 The validity of a claim by an inventor related to the operation of a heat pump is to be evaluated. 


Assumptions The heat pump operates steadily. 

Analysis Applying the definition of the heat pump coefficient of performance, 


COP HP 


Qh 


200 kW 
75 kW 


2.67 


The maximum COP of a heat pump operating between the same temperature 
limits is 


COP 


HP, max 


1 

1 -t l /t h 


1 

1 — (273 K)/(293 K) 


14.7 


Since the actual COP is less than the maximum COP, the claim is valid. 


(^^293 


Q 


H 



HP 


Q 


L 


75 kW 



273 K 



6-94 The power input and the COP of a Carnot heat pump are given. The temperature of the low -temperature reservoir and 
the heating load are to be determined. 


Assumptions The heat pump operates steadily. 

Analysis The temperature of the low-temperature reservoir is 


COP 


HP, max 


T 


H 


t h -t l 


>8.7 


297 K 

(297 -T l )K 


>T l = 263K 


The heating load is 


COP 


HP, max 


= Qh 

W in 


>8.7 



2.15 kW 


>Q h = 18.7kW 



6-95 The refrigerated space and the environment temperatures for a refrigerator and the rate of heat removal from the 
refrigerated space are given. The minimum power input required is to be determined. 

Assumptions The refrigerator operates steadily. 


Analysis The power input to a refrigerator will be a minimum when the refrigerator operates in a reversible manner. The 
coefficient of performance of a reversible refrigerator depends on the temperature limits in the cycle only, and is determined 
from 


COP 


R,rev 


( J H IT l )-1 (25 + 273K)/(-8 + 273K)-l 


= 8.03 


The power input to this refrigerator is determined from the definition of 
the coefficient of performance of a refrigerator, 


W. 


net, in, min 



COR 


R,max 


300 kJ/min 
8.03 


37.36 kJ/min = 0.623 kW 


25°C 



300 kJ/min 


CL -8°cJ^> 
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6-96 An inventor claims to have developed a refrigerator. The inventor reports temperature and COP measurements. The 
claim is to be evaluated. 

Analysis The highest coefficient of performance a refrigerator can have when 
removing heat from a cool medium at -12°C to a warmer medium at 25°C is 

1 1 


25°C 




COP R = COP R = 7 V 7 77 7 

’ ’ \r H IT L )-\ (25 + 273 K)/(- 12 + 273 KJ-1 


= 7.1 


®- 


The COP claimed by the inventor is 6.5, which is below this maximum value, thus 
the claim is reasonable. However, it is not probable. 


' COP= 6.5 

Cl -12°C 7® 


6-97 A heat pump maintains a house at a specified temperature. The rate of heat loss of the house and the power 
consumption of the heat pump are given. It is to be determined if this heat pump can do the job. 

Assumptions The heat pump operates steadily. 

Analysis The power input to a heat pump will be a minimum when the heat pump operates in a reversible manner. The 
coefficient of performance of a reversible heat pump depends on the temperature limits in the cycle only, and is determined 
from 


COP 


HP, rev 


1 - (t l !T h ) 1 - (4 + 273 k)/(25 + 273 K) 


= 14.19 


The required power input to this reversible heat pump is determined from the 
definition of the coefficient of performance to be 


VC 


Q 


H 


net, in, min 


COP 


HP 


1 10,000 kJ/h 
14.19 


lh 

3600 s 


2.15kW 


This heat pump is powerful enough since 4.75 kW > 2.15 kW. 



6-98E The power required by a reversible refrigerator with specified reservoir temperatures is to be determined. 
Assumptions The refrigerator operates steadily. 

Analysis The COP of this reversible refrigerator is 


COP 


T 


L 


450 R 


540 


R,max 


t h -t l 


= 5 


540 R- 450 R 

Using this result in the coefficient of performance expression yields 

Q, 15,000 Btu/h f lkW 


15,000 Btu/h 


W, 


net,in 


COP 


R,max 


3412.14 Btu/h 


0.879kW 



net, in 


050 O 
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6-99E The cooled space and the outdoors temperatures for an air-conditioner and the power consumption are given. The 
maximum rate of heat removal from the air-conditioned space is to be determined. 

Assumptions The air-conditioner operates steadily. 

Analysis The rate of heat removal from a house will be a maximum when the air-conditioning system operates in a 
reversible manner. The coefficient of performance of a reversible air-conditioner (or refrigerator) depends on the 
temperature limits in the cycle only, and is determined from 

1 1 


COP 


R,rev 


(T’h/T’l)- 1 (90 + 460 R )/(72 + 460 R)-l 


= 29.6 


(^90 o F 


The rate of heat removal from the house is determined from the 
definition of the coefficient of performance of a refrigerator, 


Ql = COP R W llcU „ = (29.6X5 hp 


42.41 Btu/min 
1 hp 


A 


= 6277 Btu/min 



COP R = 


w, 


net, in 


200 kW 


-9 


The temperature of the heat source is determined from 


COP 


T 


L 


R,max 


t h -t l 


-> 9 = 


T 


L 


300 -T 


> T l = 270 K = -3°C 


6-100 The power input and heat rejection of a reversed Carnot cycle are given. The cooling load and the source temperature 
are to be determined. 

Assumptions The refrigerator operates steadily. 

Analysis Applying the definition of the refrigerator coefficient of performance, 

Ql=Qh- WUn = 2000 - 200 = 1 800 k W 
Applying the definition of the heat pump coefficient of performance, 

Q l 1 800 kW 


300 K^) 



L 
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6-101 A commercial refrigerator with R-134a as the working fluid is considered. The condenser inlet and exit states are 
specified. The mass flow rate of the refrigerant, the refrigeration load, the COP, and the minimum power input to the 
compressor are to be determined. 

Assumptions 1 The refrigerator operates steadily. 2 The kinetic and potential energy changes are zero. 


Properties The properties of R-134a and water are (Steam 
and R-134a tables) 

P x = 1.2 MPa 

T x = 50°C 

^2 = ^sat@1.2fo 

P 2 =1.2 MPa 
T 2 = 41.3°C 




' 26 ° C J 

>h x = 278.28 kJ/kg 

— 

A 


1.2 MPa 

T Qh 

IPa + A^subcool = 46.3 - 5 = 41.3°C 

5°C subcool i- 

— V— 


h 2 =110.19 kJ/kg 


T Wtl =18°C 

x w,l = 0 

T w , 2 = 26°C 




w,2 


= 0 


•/ Vl = 75.54 kJ/kg 


h w2 =109.01 kJ/kg 


Water 


Condenser 



Expansion 

valve 


Compressor 


Analysis (a) The rate of heat transferred to the water is the 
energy change of the water from inlet to exit 

Qh =<(K ,2 ~ K,i ) = (0-25 kg/s)(109.01 - 75.54) kJ/kg = 8.367 kW 


Evaporator 


Ql 


1.2 MPa 
50°C 


Wu 


The energy decrease of the refrigerant is equal to the energy increase of the water in the condenser. That is, 


Qh =m R (h ! -h 2 ) 


->m R = 


Q 


H 


h x -h 2 


8.367 kW 

(278.28 -110.19) kJ/kg 


0.0498kg/s 


( b ) The refrigeration load is 

Q l =Q h -W in =8.37- 3.30 = 5.07kW 

(c) The COP of the refrigerator is determined from its definition, 

Co P = ^ = MZ^ = i.54 

W, n 3.3 kW 

(d) The COP of a reversible refrigerator operating between the same temperature limits is 

COP = 1 = = 4.49 

T h /T l -1 (18 + 273) /(— 35 + 273) - 1 


Then, the minimum power input to the compressor for the same refrigeration load would be 


Wi 


Q 


L 


in, min 


COP 


max 


5.07 kW 
4.49 


1.1 3kW 
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6-102 A heat pump maintains a house at a specified temperature in winter. The maximum COPs of the heat pump for 
different outdoor temperatures are to be determined. 

Analysis The coefficient of performance of a heat pump will be a maximum when the heat pump operates in a reversible 
manner. The coefficient of performance of a reversible heat pump depends on the temperature limits in the cycle only, and 
is determined for all three cases above to be 


COP[ IP. rev 

COP HPrev 

COP I IP. rev 


1 


1 ~{TlIT h ) 

1 

1 ~(t l /t h ) 

1 

1 


l 

1 - (10 + 273K)/(20 + 273K) ~~ 

1 

1 - (- 5 + 273K)/(20 + 273K) " 

1 

1 - (- 30 + 273K)/(20 + 273K) 


29.3 
11.7 
= 5.86 


C^20°C^^> 



6-103E A heat pump maintains a house at a specified temperature. The rate of heat loss of the house is given. The minimum 
power inputs required for different source temperatures are to be determined. 

Assumptions The heat pump operates steadily. 

Analysis {a) The power input to a heat pump will be a minimum when the heat pump operates in a reversible manner. If the 
outdoor air at 25°F is used as the heat source, the COP of the heat pump and the required power input are determined to be 


cop HPmax -C0P HPrev ^ it ^ 

1 


1- (25 + 460 R)/(78 + 460R) 


= 10.15 


and 


W, 


Q 


H 


70,000 Btu/h 


net,in,mm 


COP 


HP, max 


10.15 


lhp 


2545 Btu/h 


= 2.71hp 


(b) If the well-water at 50°F is used as the heat source, the COP of the 
heat pump and the required power input are determined to be 


COP HP max - COP HP rev - \-(p / j ) 


1 

l-(50 + 460R)/(78 + 460R) 



and 


W, 


Q 


H 


70,000 Btu/h 


net,in,mm 


COP 


HP, max 


19.2 


lhp 


2545 Btu/h 


1.43 hp 
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6-104 A Carnot heat pump consumes 4.8-kW of power when operating, and maintains a house at a specified temperature. 
The average rate of heat loss of the house in a particular day is given. The actual running time of the heat pump that day, the 
heating cost, and the cost if resistance heating is used instead are to be determined. 

Analysis (a) The coefficient of performance of this Carnot heat pump depends on the temperature limits in the cycle only, 
and is determined from 


COP 


HP, rev 


\-(T l /T h ) 1 - (2 + 273 K)/(25 + 273 K) 


= 12.96 


The amount of heat the house lost that day is 


Q h = Q h (1 day)= (55,000 kJ/hX24 h) = l,320,000kJ 

Then the required work input to this Carnot heat pump is determined from 
the definition of the coefficient of performance to be 


Vk. 


Q 


H 


net,in 


COP 


HP 


1,320, 000 kJ 
12.96 


= 101,880 kJ 


Thus the length of time the heat pump ran that day is 


At = 


W, 


netjn 


vk 


netjn 


101,880 kJ 
4.8kJ/s 


= 21,225 s = 5.90 


h 



( b ) The total heating cost that day is 

Cost = W x price = (lV net - n x Artprice )= (4.8 kwX5.90 hXo. 1 1 $/kWh) = $ 3.1 1 


(c) If resistance heating were used, the entire heating load for that day would have to be met by electrical energy. 
Therefore, the heating system would consume 1,320,000 kJ of electricity that would cost 


New Cost = Q h x price = (l,320,00CkJ 


1 kWh 
3600 kJ 


\ 

(0. 1 1 $/kWh) 

/ 


$ 40.3 
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6-105 A Carnot heat engine is used to drive a Carnot refrigerator. The maximum rate of heat removal from the refrigerated 
space and the total rate of heat rejection to the ambient air are to be determined. 

Assumptions The heat engine and the refrigerator operate steadily. 

Analysis (a) The highest thermal efficiency a heat engine operating between two specified temperature limits can have is the 
Carnot efficiency, which is determined from 


7th,max 7th,C ^ 


T L 1 300 K 

= 1 = 0.744 

T„ 1173 K 


Then the maximum power output of this heat engine is 
determined from the definition of thermal efficiency to be 

Wnet.out “ 7th Qh ~ (0.744-)(800 kJ/min) = 595.2 kJ/min 


800 kJ/min 


which is also the power input to the refrigerator, W 


net, in * 



The rate of heat removal from the refrigerated space will be a maximum if a Carnot refrigerator is used. The COP 
of the Carnot refrigerator is 


COR 


= 8.37 


Rjev (t h /T l )-1 (27 + 273 K)/(-5 + 273 K)-l 

Then the rate of heat removal from the refrigerated space becomes 

q lr = (cOP Rrev )(Wnet 4 n)= (8.37X595.2 kJ/min) = 4982 kJ/min 

(b) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine (Q L HE ) and the heat 
discarded by the refrigerator ( Q H R ), 

Ql, he = Qh, he -^net,out = 800-595.2 = 204.8 kJ/min 
Q h , R = Ql,r + Wnet,in = 4982 + 595.2 = 5577.2 kJ/min 


2ambient ~~ Ql,he + Qh,r ~ 204.8 + 5577.2 - 5782 kJ/min 
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6-106E A Carnot heat engine is used to drive a Carnot refrigerator. The maximum rate of heat removal from the refrigerated 
space and the total rate of heat rejection to the ambient air are to be determined. 

Assumptions The heat engine and the refrigerator operate steadily. 

Analysis (a) The highest thermal efficiency a heat engine operating between two specified temperature limits can have is 
the Carnot efficiency, which is determined from 


^7th,max ^7th,C 1 


^ = 1 - 21 ^ = 0.75 


Ti 


H 


2160 R 


Then the maximum power output of this heat engine is 
determined from the definition of thermal efficiency to be 

Wnet.out - - (o. 75^700 Btu/min) = 525 Btu/min 



which is also the power input to the refrigerator, Vf netin . 

The rate of heat removal from the refrigerated space will be a maximum if a Carnot refrigerator is used. The COP of the 
Carnot refrigerator is 

1 1 


COP, 


= 8.0 


R. re y ( T[1 1 T J_ I ( 80 + 460 r)/(20 + 460 r) - 1 

Then the rate of heat removal from the refrigerated space becomes 

Ql,r = (cOP R rev )(vf net j n ) = (8.0X525 Btu/min) = 4200 Btu/min 

( b ) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine ( Ql he ) an d the heat 
discarded by the refrigerator ( Q H R ), 

Gl,he = Qh, he - ^net,out = 700-525 = 175 Btu/min 
Qh,r = Ql,r +Wnet,in = 4200 + 525 = 4725 Btu/min 
and 


a 


ambient 


= 2l,he + Qh.r = 175 + 4725 = 4900 Btu/min 


' H , R 


6-107 A heat pump that consumes 4-kW of power when operating maintains a house at a specified temperature. The house 
is losing heat in proportion to the temperature difference between the indoors and the outdoors. The lowest outdoor 
temperature for which this heat pump can do the job is to be determined. 

Assumptions The heat pump operates steadily. 

Analysis Denoting the outdoor temperature by T L , the heating load of this house can be expressed as 


Q h = (3800 kJ/h • K+97 -7’J= (l .056 kW/KX297 - T L )K 

The coefficient of performance of a Carnot heat pump depends on 
the temperature limits in the cycle only, and can be expressed as 

COP HP = r - L t = 1 

1-(T l IT h ) 1-T l /(297 K) 


or 


COP HP = 



w, 


net, in 


(1.056 kW/K)(297-T L )K 
4 kW 


Equating the two relations above and solving for 7/, we obtain 
T l = 263.5 K = -9.5°C 
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6-108 An air-conditioner with R-134a as the working fluid is considered. The compressor inlet and exit states are specified. 
The actual and maximum COPs and the minimum volume flow rate of the refrigerant at the compressor inlet are to be 
determined. 

Assumptions 1 The air-conditioner operates steadily. 2 The kinetic and potential energy changes are zero. 

Properties The properties of R-134a at the compressor 
inlet and exit states are (Tables A-l 1 through A- 13) 

P x = 400 kPa 
x x =l 

P 2 =1.2 MPa 
T 2 = 70°C 


Qh 


h x =255.61 kJ/kg 

* 

J </j =0.05 127 m 3 /kg 


Condenser 


h 2 = 300.63 kJ/kg 


Analysis ( a ) The mass flow rate of the refrigerant and the 
power consumption of the compressor are 



Expansion 

valve 


1.2 MPa 
70°C 


80L/min 


1/ 


m R = — = 


' lm 3 

( 1 min' 

1000 

v 60s y 


Compressor 


i/. 


= 0.02601 kg/s 


'1 0.05127 m /kg 

W in = m R (h 2 -h x ) = (0.02601 kg/s)(300.63 - 255.61) kJ/kg = 1.171 kW 
The heat gains to the room must be rejected by the air-conditioner. That is, 

^Imin^ 


Evaporator 


Ql 


Ql 2heat ^equipment (250kJ/min) 


60s 


+ 0.9 kW = 5.067 kW 


J 


Then, the actual COP becomes 

Q l 5.067 kW 


COP = 


W; 


in 


1.171 kW 


4.33 


( b ) The COP of a reversible refrigerator operating between the same temperature limits is 

1 1 


COP 

max 


26.91 


T h IT l -1 (34 + 273) /( 23 + 273) - 1 

(c) The minimum power input to the compressor for the same refrigeration load would be 

Q l 5.067 kW 


Wi 


in, min 


COP, 


max 


26.91 


= 0.1 883 kW 


The minimum mass flow rate is 


m 


R, min 


w 

rr in, min 

h 2 - h\ 


0.1 883 kW 


= 0.004182 kg/s 


(300.63 -255.61) kJ/kg 
Finally, the minimum volume flow rate at the compressor inlet is 

Kran.i ='”K,min l/ i = (0.0041 82 kg/s)(0.05 127 m 3 /kg) = 0.0002144 m 3 /s = 12.9 L/min 




_L 400 kPa 
sat. vap. 
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6-109 An expression for the COP of a completely reversible refrigerator in terms of the thermal -energy reservoir 
temperatures, T L and T H is to be derived. 

Assumptions The refrigerator operates steadily. 

Analysis Application of the first law to the completely reversible refrigerator yields 

^netjn = Qh ~ Ql 


This result may be used to reduce the coefficient of performance, 
COP Rrev =_^ = _^ — = 1 

’ w neUn q h -q l q h /q l - 1 

Since this refrigerator is completely reversible, the thermodynamic 
definition of temperature tells us that, 

Qh_ = i jL 
Ql T l 

When this is substituted into the COP expression, the result is 


COP 


T 


L 


R,rev 


T H /Tr - 1 Tu-T 


L 


H 


L 



Special Topic: Household Refrigerators 

6-1 10C Today’s refrigerators are much more efficient than those built in the past as a result of using smaller and higher 
efficiency motors and compressors, better insulation materials, larger coil surface areas, and better door seals. 


6-1 11C The energy consumption of a household refrigerator can be reduced by practicing good conservation measures such 
as (1) opening the refrigerator door the fewest times possible and for the shortest duration possible, (2) cooling the hot foods 
to room temperature first before putting them into the refrigerator, (3) cleaning the condenser coils behind the refrigerator, 
(4) checking the door gasket for air leaks, (5) avoiding unnecessarily low temperature settings, (6) avoiding excessive ice 
build-up on the interior surfaces of the evaporator, (7) using the power-saver switch that controls the heating coils that 
prevent condensation on the outside surfaces in humid environments, and (8) not blocking the air flow passages to and from 
the condenser coils of the refrigerator. 


6-112C It is important to clean the condenser coils of a household refrigerator a few times a year since the dust that collects 
on them serves as insulation and slows down heat transfer. Also, it is important not to block air flow through the condenser 
coils since heat is rejected through them by natural convection, and blocking the air flow will interfere with this heat 
rejection process. A refrigerator cannot work unless it can reject the waste heat. 


6-113C It is a bad idea to overdesign the refrigeration system of a supermarket so that the entire air-conditioning needs of 
the store can be met by refrigerated air without installing any air-conditioning system. This is because the refrigerators cool 
the air to a much lower temperature than needed for air conditioning, and thus their efficiency is much lower, and their 
operating cost is much higher. 


6-114C It is a bad idea to meet the entire refrigerator/freezer requirements of a store by using a large freezer that supplies 
sufficient cold air at -20°C instead of installing separate refrigerators and freezers . This is because the freezers cool the air 
to a much lower temperature than needed for refrigeration, and thus their efficiency is much lower, and their operating cost 
is much higher. 
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6-115 A refrigerator consumes 400 W when running, and $170 worth of electricity per year under normal use. The fraction 
of the time the refrigerator will run in a year is to be determined. 

Assumptions The electricity consumed by the light bulb is negligible. 

Analysis The total amount of electricity the refrigerator uses a year is 


Total electric energy used = W e total = 


Total cost of energy 
Unit cost of energy 


$ 170/year 
$0. 125/kWh 


= 1360 kWh/year 


The number of hours the refrigerator is on per year is 

n,., u A , total 1360 kWh/year Q „ nnu , 

T otal operating hours = A t - — 7 = = 3400 h/year 

W e 0.400 kW 

Noting that there are 365 x 24 = 8760 hours in a year, the fraction of the time the 
refrigerator is on during a year is determined to be 

. . Total operating hours 3400/year _ 

Time fraction on = £ 5 = = 0.388 

T otal hours per year 8760 h/year 

Therefore, the refrigerator remained on 38.8% of the time. 



6-116 The light bulb of a refrigerator is to be replaced by a $25 energy efficient bulb that consumes less than half the 
electricity. It is to be determined if the energy savings of the efficient light bulb justify its cost. 

Assumptions The new light bulb remains on the same number of hours a year. 

Analysis The lighting energy saved a year by the energy efficient bulb is 

Lighting energy saved = (Lighting power saved)(Ope rating hours) 

= [(40 -18)W](60 h/year) 

= 1320 Wh= 1.32 kWh 

This means 1.32 kWh less heat is supplied to the refrigerated space by the 
light bulb, which must be removed from the refrigerated space. This 
corresponds to a refrigeration savings of 

_ r . , Lighting energy saved 1.32 kWh , , TTr1 

Refrigeration energy saved = = = 1.02 kWh 

COP 1.3 

Then the total electrical energy and money saved by the energy efficient light bulb become 

Total energy saved = (Lighting + Refrigeration) energy saved = 1.32 + 1. 02 = 2.34 kWh / year 
Money saved = (Total energy saved)(Unit cost of energy) = (2.34 kWh/year)($0.08 / kWh) 

= $0.19 /year 

That is, the light bulb will save only 19 cents a year in energy costs, and it will take $25/$0.19 = 132 years for it to pay for 
itself from the energy it saves. Therefore, it is not justified in this case. 
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6-117 A person cooks three times a week and places the food into the refrigerator before cooling it first. The amount of 
money this person will save a year by cooling the hot foods to room temperature before refrigerating them is to be 
determined. 

Assumptions 1 The heat stored in the pan itself is negligible. 2 The specific heat of the food is constant. 

Properties The specific heat of food is c- 3.90 kJ/kg.°C (given). 

Analysis The amount of hot food refrigerated per year is 

m food = (5 kg/pan)(3 pans/week)(52 weeks/year) = 780 kg/year 

The amount of energy removed from food as it is unnecessarily cooled to room temperature in the refrigerator is 

Energy removed = Q out = m food cAT = (780 kg/year)(3 .90kJ/kg.°C)(95 - 23)°C = 219,024kJ/year 

_ , _ Energy removed 219,024kJ/year ( lkWh ^ 

Energy saved = £ saved = — — = — , = 40.56 kWh/year 

CUr 1. j ( juUU kJ y 

Money saved = (Energy saved)(Uni t cost of energy) = (40.56 kWh/year)($0. 1 0/kWh) = $4. 06/year 
Therefore, cooling the food to room temperature before putting it into the refrigerator will save about four dollars a year. 
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6-118 The door of a refrigerator is opened 8 times a day, and half of the cool air inside is replaced by the warmer room air. 
The cost of the energy wasted per year as a result of opening the refrigerator door is to be determined for the cases of moist 
and dry air in the room. 

Assumptions 1 The room is maintained at 20 °C and 95 kPa at all times. 2 Air is an ideal gas with constant specific heats at 
room temperature. 3 The moisture is condensed at an average temperature of 4°C. 4 Half of the air volume in the 
refrigerator is replaced by the warmer kitchen air each time the door is opened. 

Properties The gas constant of air is R = 0.287 kPa.m/kg-K (Table A-l). The specific heat of air at room temperature is c p 
= 1.005 kJ/kg-°C (Table A-2a). The heat of vaporization of water at 4°C is h fg = 2491.4 kJ/kg (Table A-4). 

Analysis The volume of the refrigerated air replaced each time the refrigerator is opened is 0.3 m (half of the 0.6 m air 
volume in the refrigerator). Then the total volume of refrigerated air replaced by room air per year is 

Kiir, replaced = (0-3 m 3 )(20/day)(365 days/year) = 2190 m 3 /year 


The density of air at the refrigerated space conditions of 95 kPa and 4°C and 
the mass of air replaced per year are 


P 


Po = 


95 kPa 


RT 0 (0.287 kPa.m 3 /kg.K)(4 + 273 K) 


= 1.195 kg/m 


m 


air 


= pV ' lir =(1.1 95 kg/m 3 )(2190 m 3 /year) =2617 kg/year 



The amount of moisture condensed and removed by the refrigerator is 
m moisture - m air (moisture removed per kg air) 

= (2617 kg air/year)( 0.006 kg/kg air) 

= 15.70 kg/year 

The sensible, latent, and total heat gains of the refrigerated space become 

£^gain .sensible — ^aiA p (^room ^refiig ) 

= (2617 kg/year)(l .005 kJ/kg.°C)(20 - 4)°C = 42,082 kJ/year 

Sgainjatent — ^moisture^fg 

= (15.70 kg/year)(2 49 1.4 kJ/kg) = 39, 121 kJ/year 

Qgain, total = Sgain sensible + Sgainfatent = 42 > 082 + 39 ’ 121 = 81,202 kJ/year 

For a COP of 1.4, the amount of electrical energy the refrigerator will consume to remove this heat from the refrigerated 
space and its cost are 


^gain,totai 8 1 ,202 kJ/year 


lkWh 
3600 kJ 


= 16.1 1 kWh/year 


Electrical energy used (total) = 

COP 1.4 

Cost of energy used (total) = (Energy used)(Unit cost of energy) 

= (16. 1 1 kWh/year)($0. 1 15/kWh) 

= $1. 85/year 

If the room air is very dry and thus latent heat gain is negligible, then the amount of electrical energy the refrigerator will 
consume to remove the sensible heat from the refrigerated space and its cost become 


Sgainsensibie 42,082 kJ/year 


Electrical energy used (sensible) = 

COP 1.4 

Cost of energy used (sensible) = (Energy used)(Unit cost of energy) 

= (8.350 kWh/year)($0. 1 15/kWh) 

= $0. 96/year 


lkWh 
3600 kJ 


= 8.350 kWh/year 
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6-119 An air-conditioning system maintains a house at a specified temperature. The rate of heat gain of the house, the rate 
of internal heat generation, and the COP are given. The required power input is to be determined. 


Assumptions Steady operating conditions exist. 

Analysis The cooling load of this air-conditioning system is the sum 
of the heat gain from the outdoors and the heat generated in the house 
from the people, lights, and appliances: 

Q l = 20,000 + 8,000 = 28,000 kJ/h 


Using the definition of the coefficient of performance, the power input 
to the air-conditioning system is determined to be 




Q 


L 


28,000 kJ/h 


net, in 


COP, 


R 


2.5 


lkW 


3600 kJ/h 


= 3.11 kW 


Outdoors 



6-120E A Carnot heat pump maintains a house at a specified temperature. The rate of heat loss from the house and the 
outdoor temperature are given. The COP and the power input are to be determined. 

Analysis (a) The coefficient of performance of this Carnot heat pump depends on the temperature limits in the cycle only, 
and is determined from 

1 1 2500 

= 13.4 Btu/h°F 


COP, 


HP ' rev \-(t, /T h ) 1 - (35 + 460 R )/(75 + 460 R ) 

( b ) The heating load of the house is 

Q h = (2500 Btu/h • °F)(75 - 35)°F = 100,000 Btu/h 

Then the required power input to this Carnot heat pump is determined 
from the definition of the coefficient of performance to be 

r \ 



W. 


Q 


H 


100,000 Btu/h 


net, in 


COP, 


HP 


13.4 


lhp 


2545 Btu/h 


= 2.93 hp 



6-121 The work output and the source and sink temperatures of a Carnot heat engine are given. The heat supplied to and 
rejected from the heat engine are to be determined. 


Assumptions 1 The heat engine operates steadily. 2 Heat losses from the 
working fluid at the pipes and other components are negligible. 

Analysis Applying the definition of the thermal efficiency and an energy 
balance to the heat engine, the unknown parameters are determined as 
follows: 


>7th, 


max 


= 1 -^ = 1 - 


T 


H 


(50+ 273) K 
(1200 + 273) K 


0.781 




>7th 


500 kJ 
0.781 


= 640kJ 



Ql=Qh- Wnet = 640 - 500 = 1 40kJ 
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6-122E The operating conditions of a heat pump are given. The minimum temperature of the source that satisfies the 
second law of thermodynamics is to be determined. 


Assumptions The heat pump operates steadily. 

Analysis Applying the first law to this heat pump gives 

f 3412 14 Btu/h ^ 

Ql=Qh -W ne t,in = 32,000 Btu/h- (1 .8 kW) - • 


IkW 


= 25,860 Btu/h 


J 


In the reversible case we have 


T 


L 


Q 


L 


T h Qh 

Then the minimum temperature may be determined to be 




Qh 





= (530 R) 25,860 Btu/h _ 428 R 
Q h 32,000 Btu/h 


6-123E A refrigerator with a water-cooled condenser is considered. The cooling load and the COP of a refrigerator are 
given. The power input, the exit temperature of water, and the maximum possible COP of the refrigerator are to be 
determined. 


Assumptions The refrigerator operates steadily. 
Analysis (a) The power input is 


Q l _ 24,000 Btu/h 

f 1.055kO 

f lh ) 

COP 1.9 

v 1 BtU y 

v 3600s y 


W = 

rr in 


(b) The rate of heat rejected in the condenser is 
Q H =QL+w m 

= 24,000 Btu/h +3.702 kW 
= 36,632 Btu/h 

The exit temperature of the water is 
Qh = me p (T 2 -TQ 
Qh 


3.702kW 


( 1 Btu ^ 

f 3600 s 'j 

yl.055kJ J 

l lh J 


t 2 =t 1 + 


me 


p 


= 65°F + 


36,632 Btu/h 


(1.45 lbm/s 




3600 s 


= 72.02°F 


(1.0Btu/lbm- °F) 


Water 



t lh , 

(c) Taking the temperature of high-temperature medium to be the average temperature of water in the condenser, 


COP_ - 


T 


L 


25 + 460 


rev 


T h - T l 0.5(65 + 72.02) - 25 


= 11.2 
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6-124 A heat pump with a specified COP and power consumption is used to heat a house. The time it takes for this heat 
pump to raise the temperature of a cold house to the desired level is to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The heat loss of the house during the 
warp-up period is negligible. 3 The house is well-sealed so that no air leaks in or out. 


Properties The constant volume specific heat of air at room temperature is c v = 0.718 kJ/kg.°C. 

Analysis Since the house is well-sealed (constant volume), the total amount of heat that needs to be supplied to the house is 


Qh = {mc v AT) hoase = (1500 kgXo.718 kJ/kg • °CX22 - 7fC = 16, 155 kJ 


The rate at which this heat pump supplies heat is 

Qh = COP HP W ncliin = (2.8)(5 kW) = 14 kW 


That is, this heat pump can supply 14 kJ of heat per second. Thus the time required to 
supply 16,155 kJ of heat is 


Ar Q h 16,155kJ 
Q h 14 kJ/s 


= 1154 s = 19.2 min 



6-125 A solar pond power plant operates by absorbing heat from the hot region near the bottom, and rejecting waste heat to 
the cold region near the top. The maximum thermal efficiency that the power plant can have is to be determined. 


Analysis The highest thermal efficiency a heat engine operating between two 
specified temperature limits can have is the Carnot efficiency, which is 
determined from 

T 308 K 

7 th .max = 7th ,C = * ~ ^ = 1 ~ = 0 ‘ 127 OT 1 2 ' 7% 

1 JJJ Jv 

In reality, the temperature of the working fluid must be above 35 °C in the 
condenser, and below 80°C in the boiler to allow for any effective heat 
transfer. Therefore, the maximum efficiency of the actual heat engine will be 
lower than the value calculated above. 


C^ 80 °C^^ 
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6-126 A Carnot refrigeration cycle is executed in a closed system with a fixed mass of R-134a. The net work input and the 
ratio of maximum-to-minimum temperatures are given. The minimum pressure in the cycle is to be determined. 

Assumptions The refrigerator is said to operate on the reversed Carnot cycle, which is totally reversible. 

Analysis The coefficient of performance of the cycle is 


Also, 


and 


COP R = = — - — =5 

Th/Tl-1 1 . 2-1 

cop r = — > Q l = cop r x w in = (5X22 kj) = 110 kj 

Win 

Q h =Q l +W =110 + 22 = 132kJ 



m 


132kJ 

0.96kg 


— 137.5kJ/kg — hfg@ j H 



since the enthalpy of vaporization hf g at a given T or P represents the amount of heat transfer per unit mass as a substance is 
converted from saturated liquid to saturated vapor at that T or P. Therefore, T H is the temperature that corresponds to the 
hf g value of 137.5 kJ/kg, and is determined from the R-134a tables to be 

T h = 61.3°C = 334.3 K 

Then, 

7, = 3343K =278 6Ks5 60C 
1.2 1.2 

Therefore, 

^min = ^sat@5.6°C =356kPa 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



6-42 


6-127 Problem 6-126 is reconsidered. The effect of the net work input on the minimum pressure as the work input 

varies from 10 kJ to 30 kJ is to be investigated. The minimum pressure in the refrigeration cycle is to be plotted as a 
function of net work input. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Analysis: The coefficient of performance of the cycle is given by" 
m_R134a = 0.96 [kg] 

THtoTLRatio = 1.2 "T_H = 1.2T_L" 

"WJn = 22 [kJ]" "Depending on the value of WJn, adjust the guess value of T_H." 
COP_R = 1/( THtoTLRatio- 1) 

Q_L = W_in*COP_R 

"First law applied to the refrigeration cycle yields:" 

Q_L + WJn = Q_H 

"Steady-flow analysis of the condenser yields 
m_R134a*h_3 = m_R134a*h_4 +Q_H 

Q_H = m_R1 34a*(h_3-h_4) and hjg = h_3 - h_4 also T_H=T_3=T_4" 
Q_H=m_R1 34a*h_fg 

h_fg=enthalpy(R1 34a,T=T_H,x=1) - enthalpy(R1 34a,T=T_H,x=0) 
T_H=THtoTLRatio*T_L 

"The minimum pressure is the saturation pressure corresponding to T_L." 

P_min = pressure(R134a,T=T_L,x=0)*convert(kPa,MPa) 

T L C = T L - 273 


W in 

fkJl 

P . 

r min 

[MPa] 

T h 

[K] 

Tl 

[K1 

O , — 1 

1— J “ 

10 

0.8673 

368.8 

307.3 

34.32 

15 

0.6837 

358.9 

299 

26.05 

20 

0.45 

342.7 

285.6 

12.61 

25 

0.2251 

319.3 

266.1 

-6.907 

30 

0.06978 

287.1 

239.2 

-33.78 



W in [kJ] 



W in [kJ] 
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6-128 Two Carnot heat engines operate in series between specified temperature limits. If the thermal efficiencies of both 
engines are the same, the temperature of the intermediate medium between the two engines is to be determined. 


Assumptions The engines are said to operate on the Carnot cycle, 
which is totally reversible. 

Analysis The thermal efficiency of the two Carnot heat engines can 
be expressed as 


*7th,i = 1 


T 




and = 1 “ 


H 


T 


Equating, 


\~—=\ ^ 


T> 


H 


T 


Solving for T, 

T = 7 T h T l = /( 1400 K)(300 K) = 648 K 



6-129 A Carnot heat engine drives a Carnot refrigerator that removes heat from a cold medium at a specified rate. The rate 
of heat supply to the heat engine and the total rate of heat rejection to the environment are to be determined. 

Analysis (a) The coefficient of performance of the Carnot refrigerator is 


1 


1 


C0 P r,c (t h /T l )-1 (300 K)/(258 k) - 1 

Then power input to the refrigerator becomes 

Q l 250 kJ/min 


= 6.143 


W, 


net, in 


COP 


R,C 


6.143 


= 40.7 kJ/min 


which is equal to the power output of the heat engine, VP net out . 

The thermal efficiency of the Carnot heat engine is determined from 



^7th,C “ 1 


T 


L 


= \- 


300 K 


T h 900 K 


= 0.6667 


Then the rate of heat input to this heat engine is determined from the definition of thermal efficiency to be 

^net,out 40.7 kJ/min 


Q 


H, HE 


= 61.1kJ/min 


77 th, he 0.6667 

( b ) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine (Q L HE ) and the heat 
discarded by the refrigerator ( Q H R ), 


Gl,he - Qh, he ^net,out - 61.1 40.7 - 20.4 kJ/min 
Qh,r = Ql,r + ^net,in = 250 + 40.7 = 290.7 kJ/min 

^Ambient ~ 2l,he + Qh, r ~ 20.4 + 290.7 = 311 kJ/min 
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6-130 Problem 6-129 is reconsidered. The effects of the heat engine source temperature, the environment 

temperature, and the cooled space temperature on the required heat supply to the heat engine and the total rate of heat 
rejection to the environment as the source temperature varies from 500 K to 1000 K, the environment temperature varies 
from 275 K to 325 K, and the cooled space temperature varies from -20°C to 0°C are to be investigated. The required heat 
supply is to be plotted against the source temperature for the cooled space temperature of -15°C and environment 
temperatures of 275, 300, and 325 K. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Q_dot_L_R = 250 [kJ/min] 

T_surr = 300 [K] 

T_H = 900 [K] 

T_L_C = -1 5 [C] 

T_L =T_L_C+ 273 

"Coefficient of performance of the Carnot refrigerator:" 

T_H_R = T_surr 

COP_R = 1/(T_H_R/T_L-1) 

"Power input to the refrigerator:" 

W_dot_in_R = Q_dot_L_R/COP_R 
"Power output from heat engine must be:" 
W_dot_out_HE = W_dot_Jn_R 
"The efficiency of the heat engine is:" 

T_L_HE = T_surr 

eta_HE = 1 - T_L_HE/T_H 

"The rate of heat input to the heat engine is:" 

Q_dot_H_HE = W_dot_out_H E/eta_H E 

"First law applied to the heat engine and refrigerator:" 

Q_dot_L_HE = Q_dot_H_HE - W_dot_out_HE 

Q dot H R = Q dot L R + W dot in R 


Th 

fKl 

Qhhe 

[kJ/min] 

Qsurr 

[kJ/min] 

500 

36.61 

286.6 

600 

30.41 

280.4 

700 

27.13 

277.1 

800 

25.1 

275.1 

900 

23.72 

273.7 

1000 

22.72 

272.7 


o , — , 

Qhhe 

[kJ/min] 

Qsurr 

[kJ/min] 

-20 

31.3 

281.3 

-18 

28.24 

278.2 

-16 

25.21 

275.2 

-14 

22.24 

272.2 

-12 

19.31 

269.3 

-10 

16.43 

266.4 

-8 

13.58 

263.6 

-6 

10.79 

260.8 

-4 

8.03 

258 

-2 

5.314 

255.3 

0 

2.637 

252.6 



Th [K] 
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Th [K] 
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6-131 Half of the work output of a Carnot heat engine is used to drive a Carnot heat pump that is heating a house. The 
minimum rate of heat supply to the heat engine is to be determined. 


Assumptions Steady operating conditions exist. 

Analysis The coefficient of performance of the Carnot heat pump is 


COP, 


HP,C 


1 - fa !T h ) 1 - (2 + 273 K)/(22 + 273 K) 


= 14.75 


Then power input to the heat pump, which is supplying heat to the 
house at the same rate as the rate of heat loss, becomes 


W, 


Q 


H 


net, in 


COP, 


HP,C 


62,000 kJ/h 
14.75 


= 4203 kJ/h 


which is half the power produced by the heat engine. Thus the power 
output of the heat engine is 

^netout = 2W net in = 2(4203 kJ/h) = 8406 kJ/h 



62,000 

kJ/h 


To minimize the rate of heat supply, we must use a Carnot heat engine whose thermal efficiency is determined from 
7th ,c = 1 


^ = 1 - 7 ^ = 0.727 


T 


H 


1073 K 


Then the rate of heat supply to this heat engine is determined from the definition of thermal efficiency to be 


Q 


w . 


H ,HE 


net,out 


7 th, HE 


8406 kJ/h 
0.727 


= 11,560 kJ/h 


6-132E An extraordinary claim made for the performance of a refrigerator is to be evaluated. 


Assumptions Steady operating conditions exist. 

Analysis The performance of this refrigerator can be evaluated by comparing it 
with a reversible refrigerator operating between the same temperature limits: 


COP R max - COP R rey 


1 


T h !T l -\ 


(85 + 460) /(40 + 460) - 1 


= 11.1 


Discussion This is the highest COP a refrigerator can have when absorbing 
heat from a cool medium at 40°F and rejecting it to a warmer medium at 85°F. 
Since the COP claimed by the inventor is above this maximum value, the 
claim is false. 
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6-133 The thermal efficiency and power output of a gas turbine are given. The rate of fuel consumption of the gas turbine is 
to be determined. 


Assumptions Steady operating conditions exist. 

• • • *3 

Properties The density and heating value of the fuel are given to be 0.8 g/cnr and 42,000 kJ/kg, respectively. 

Analysis This gas turbine is converting 21% of the chemical energy released during the combustion process into work. The 
amount of energy input required to produce a power output of 6,000 kW is determined from the definition of thermal 
efficiency to be 


Qh = 


w. 


net,out 


6000 kJ/s 


= 28,570 kJ/s 


7th 0.21 

To supply energy at this rate, the engine must burn fuel at a rate of 
. 28,570 kJ/s 


m — 


42,000 kJ/kg 


= 0.6803 kg/s 


since 42,000 kJ of thermal energy is released for each kg of fuel 
burned. Then the volume flow rate of the fuel becomes 



0.6803 kg/s 
0.8 kg/L 


0.850 L/s 



6-134 A performance of a refrigerator declines as the temperature of the refrigerated space decreases. The minimum amount 
of work needed to remove 1 kJ of heat from liquid helium at 3 K is to the determined. 

Analysis The power input to a refrigerator will be a minimum when the refrigerator operates in a reversible manner. The 
coefficient of performance of a reversible refrigerator depends on the temperature limits in the cycle only, and is determined 
from 

~ ( t h it l)- 1 ~ ( 30 ° K)/(3 K)-l" °'° 101 

this refrigerator is determined from the definition of the coefficient of performance of a refrigerator, 

= ^ = lkJ = 99 kJ 

COP R . mx 0.0101 


K,rev 

The power input to 
W 

net,in,min 
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6-135 A Carnot heat pump cycle is executed in a steady-flow system with R-134a flowing at a specified rate. The net power 
input and the ratio of the maximum- to -minimum temperatures are given. The ratio of the maximum to minimum pressures 
is to be determined. 


Analysis The coefficient of performance of the cycle is 


COPho = = = 6.0 

1 ~T l /T h 1 — 1/1.2 
and 


q h = COP Hp xW m = (6.0)(5 kW) = 30.0 kJ/s 


Qh ~ 


Qh 

m 


30.0 kJ/s 
0.22 kg/s 


— 136.36 kJ/kg — hf g @ Tjl 


since the enthalpy of vaporization Iy g at a given T or P represents the 
amount of heat transfer per unit mass as a substance is converted from 
saturated liquid to saturated vapor at that T or P. Therefore, T H is the 
temperature that corresponds to the h fg value of 136.36 kJ/kg, and is 
determined from the R-134a tables to be 



T h = 62.0°C = 335 K 
and 

^max = ^sat@ 62 . 0 p C = 1764 kPa 


Also, 


T 335 1 K 

Tj =-£- = = 291.4 K = 18.3°C 

1.25 1.2 

T^min = ^sat@ 18 . 3 °C = ^42 kPa 


Then the ratio of the maximum to minimum pressures in the cycle is 


P 

max 

P 

mm 


1764 kPa 
542 kPa 


= 3.25 
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6-136 Switching to energy efficient lighting reduces the electricity consumed for lighting as well as the cooling load in 
summer, but increases the heating load in winter. It is to be determined if switching to efficient lighting will increase or 
decrease the total energy cost of a building. 


Assumptions The light escaping through the windows is negligible so that the entire lighting energy becomes part of the 
internal heat generation. 

Analysis (a) Efficient lighting reduces the amount of electrical energy used for lighting year-around as well as the amount 
of heat generation in the house since light is eventually converted to heat. As a result, the electrical energy needed to air 
condition the house is also reduced. Therefore, in summer, the total cost of energy use of the household definitely decreases. 


( b ) In winter, the heating system must make up for the reduction in the heat generation due to reduced energy used for 
lighting. The total cost of energy used in this case will still decrease if the cost of unit heat energy supplied by the heating 
system is less than the cost of unit energy provided by lighting. 


The cost of 1 kWh heat supplied from lighting is $0. 12 since all the energy consumed by lamps is eventually 
converted to thermal energy. Noting that 1 therm = 105,500 kJ = 29.3 kWh and the furnace is 80% efficient, the cost of 1 
kWh heat supplied by the heater is 


Cost of 1 kWh heat supplied by furnace = (Amount of useful energy/ ?7f umace /(Price) 


f 

= [(1 kWh)/0. 80]($ 1 .40/therm) 

v 


1 therm 
29.3 kWh 


\ 

/ 


= $0,060 (per kWh heat) 


which is less than $0.12. Thus we conclude that switching to energy efficient lighting 
will reduce the total energy cost of this building both in summer and in winter. 



Discussion To determine the amount of cost savings due to switching to energy efficient lighting, consider 10 h of operation 
of lighting in summer and in winter for 1 kW rated power for lighting. 


Current lighting: 

Lighting cost: (Energy used)(Unit cost)= (1 kW)(10 h)($0. 12/kWh) = $1.20 

Increase in air conditioning cost: (Heat from lighting/COP)(unit cost) =(10 kWh/3. 5)($0. 12/kWh) = $0.34 
Decrease in the heating cost = [Heat from lighting/Eff](unit cost)=( 10/0.8 kWh)($ 1.40/29. 3/kWh) =$0.60 
Total cost in summer = 1.20+0.34 = $1.54 Total cost in winter = $1.20 - 0.60 = $0.60. 


Energy efficient lighting: 

Lighting cost: (Energy used)(Unit cost)= (0.25 kW)(10 h)($0. 12/kWh) = $0.30 

Increase in air conditioning cost: (Heat from lighting/COP)(unit cost) =(2.5 kWh/3. 5)($0. 12/kWh) = $0,086 
Decrease in the heating cost = [Heat from Ugh ting/Eff] (unit cost)=(2.5/0.8 kWh)($ 1.40/29. 3/kWh) = $0.15 
Total cost in summer = 0.30+0.086 = $0.39; Total cost in winter = $0.30-0.15 = $0.15. 

Note that during a day with 10 h of operation, the total energy cost decreases from $1.54 to $0.39 in summer, and from 
$0.60 to $0.15 in winter when efficient lighting is used. 
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6-137 A heat pump is used to heat a house. The maximum money saved by using the lake water instead of outside air as the 
heat source is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero. 

Analysis When outside air is used as the heat source, the cost of energy is calculated considering a reversible heat pump as 
follows: 


COP_ = 


1 


1 


max 


W; 


1 -T l !T h 1 - (0 + 273) / (25 + 27 3) 
Q h (140,000/ 3600) kW 


= 11.92 


in, nun C Qp 11.92 

llklA 


= 3.262 kW 


Cost air = (3.262 kW)(100 h)($0. 105/kWh) = $34. 26 
Repeating calculations for lake water, 

1 1 


COP_ = 


max 


W: 


1 ~T l /T h 1 - (10 + 273) /(25 + 273) 
Q h (140,000/ 3600) kW 


= 19.87 


in, min QQp ^ 19.87 


= 1.957 kW 


Costiake = (1.957 kWXlOO h)($0. 105/kWh) = $20.55 
Then the money saved becomes 

Money Saved = Cost^ — Cost lake = $34.26 - $20.55 = $1 3.7 


6-138 The cargo space of a refrigerated truck is to be cooled from 25 °C to an average temperature of 5°C. The time it will 
take for an 1 1-kW refrigeration system to precool the truck is to be determined. 

Assumptions 1 The ambient conditions remain constant during precooling. 2 The doors of the truck are tightly closed so 
that the infiltration heat gain is negligible. 3 The air inside is sufficiently dry so that the latent heat load on the refrigeration 
system is negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The density of air is taken 1.2 kg/m , and its specific heat at the average temperature of 15°C is c p = 1.0 kJ/kg-°C 
(Table A-2). 

Analysis The mass of air in the truck is 

m air = AiirVmck = C 1 - 2 kg/m 3 )(12 111x2.3 111x3.5 m) = 116 kg 
The amount of heat removed as the air is cooled from 25 to 5°C 

Geo o ling air = (mc p AT) mi . = (116 kg)(1.0 kJ/kg.°C)(25 -5)°C 
= 2,320 kJ 

Noting that UA is given to be 80 W/°C and the average air temperature in the truck 
during precooling is (25+5)/2 = 15°C, the average rate of heat gain by transmission is 
determined to be 

Gtmnsmissionavg = UAAT = (120 WAC)(25 - 15)°C = 1200 W = 1.2kJ/s 
Therefore, the time required to cool the truck from 25 to 5°C is determined to be 

Grefrig.^ 

>At 


At 


Gcoolingair ^transmission 
Gcoolingair 
0 refrig. - G transmission (11 — 1 .2) kJ/s 


2320kJ 


= 237s = 3.95min 


Truck 

Ti =25 °C 
T 2 =5°C 

-v 


Q 
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6-139 The maximum flow rate of a standard shower head can be reduced from 13.3 to 10.5 L/min by switching to low-flow 
shower heads. The amount of oil and money a family of four will save per year by replacing the standard shower heads by 
the low-flow ones are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Showers 
operate at maximum flow conditions during the entire 
shower. 3 Each member of the household takes a 5 -min 
shower every day. 

Properties The specific heat of water is c = 4.18 kJ/kg.°C 
and heating value of heating oil is 146,300 kJ/gal (given). 

The density of water is p = 1 kg/L. 

Analysis The low-flow heads will save water at a rate of 

Vsaved = [(13.3 - 10.5) L/min](6 min/person.day)(4 persons)(3 65 days/yr) = 24,528 L/year 

'"saved = pK . aved = (1 kg/L)(24,528 L/year) = 24,528 kg/year 

Then the energy, fuel, and money saved per year becomes 

Energy saved = m saved cAr = (24,528 kg/year)(4. 18 kJ/kg.°C)(42 - 15)°C = 2,768,000kJ/year 

_ , , Energy saved 2,768,000kJ/year _ _ . 

Fuel saved = — = 1 1 = 29. 1 gal/year 

(Efficienc y)(Heating value of fuel) (0.65)(146,300kJ/gal) 

Money saved = (Fuel saved)(Uni t cost of fuel) = (29. lgal/year)($2.80/gal) = $81. 5/year 

Therefore, switching to low-flow shower heads will save about $80 per year in energy costs. 



PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



6-52 



6-140 The maximum work that can be extracted from a pond containing 1 0 ’ kg of water at 350 K when the 

temperature of the surroundings is 300 K is to be determined. Temperature intervals of (a) 5 K, (b) 2 K, and (c) 1 K until the 
pond temperature drops to 300 K are to be used. 

Analysis The problem is solved using EES, and the solution is given below. 


"Knowns:" 

T_L = 300 [K] 
m_pond = 1 E+5 [kg] 

C_pond = 4.1 8 [kJ/kg-K] 'Table A.3" 

T_H_high = 350 [K] 

TJHJow = 300 [K] 

deltaTJH = 1 [K] "deltaTJH is the stepsize for the EES integral function." 

"The maximum work will be obtained if a Carnot heat pump is used. The sink temperature 
of this heat engine will remain constant at 300 K but the source temperature will be decreasing 
from 350 K to 300 K. Then the thermal efficiency of the Carnot heat engine operating between 
pond and the ambient air can be expressed as" 
eta_th_C = 1 - T_L/T_H 

"where TH is a variable. The conservation of energy relation for the pond can be written in the 
differential form as" 

deltaQ_pond = m_pond*C_pond*deltaT_H 

"Heat transferred to the heat engine:" 
deltaQ_H = -deltaQ_pond 
lntegrandW_out = eta_th_C*m_pond*C_pond 

"Exact Solution by integration from T_H = 350 K to 300 K:" 

W_out_exact = -m_pond*C_pond*(T_H_low - T_H_high -T_L*ln(T_H_low/T_H_high)) 

"EES integral function where the stepsize is an input to the solution." 

W_EES_1 = integral(lntegrandW_out,T_H, TJHJow, TJHJiigh, deltaTJH) 

W_EES_2 = integral(lntegrandW_out,TJH, TJHJow, TJHJiigh, 2*deltaTJH) 

WJEESJ5 = integral(integrandW_out,T_H, TJHJow, TJHJiigh, 5*deltaTJH) 

SOLUTION 

C_pond=4.18 [kJ/kg-K] 
deltaQ_H=-41 8000 [kJ] 
deltaQ_pond=418000 [kJ] 
deltaTJH=1 [K] 
eta_th_C=0.1429 
lntegrandW_out=59714 [kJ] 
m_pond=1 00000 [kg] 

T_H=350 [K] 

TJHJiigh =350 [K] 

T_HJow=300 [K] 

T_L=300 [K] 

W_EES_1=1 .569E+06 [kJ] 

W_EES_2=1 .569E+06 [kJ] 

W_EES_5=1 .569E+06 [kJ] 

W_out_exact=1 .570E+06 [kJ] 
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This problem can also be solved exactly by integration as follows: 

The maximum work will be obtained if a Carnot heat engine is used. The sink temperature of this heat engine will remain 
constant at 300 K but the source temperature will be decreasing from 350 K to 300 K. Then the thermal efficiency of the 
Carnot heat engine operating between pond and the ambient air can be expressed as 



300 

TT 


where T H is a variable. The conservation of energy relation for the pond can be written in the differential form as 

^Gpond = mcdTg 


Also, 


oQ„ = -^Cpond = -mcdT H = -(lO 5 kg)(4. 18kJ/kg ■ KjcIT, 


10 5 kgfk 1 8 Id/ kg ■ K )cT h 


cWnet = fitted Qh = - 1 - 


The total work output is obtained by integration, 

r 350 . _ r 35 l 3oo V, c 


r- 350 r 350 300 / s V \ 

W„e, = \1m0Qh = 1 1-— ( 10 k g j(4- 1 8 kJ/kg • K)dT l 

•'300 •'3001 ip 


5 r 3 5 of 300 


300 T l 


Pond 
10 5 kg 
350 K 


300 K 


which is the exact result. The values obtained by computer solution will approach this value as the temperature interval is 
decreased. 
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6-141 A refrigeration system is to cool bread loaves at a rate of 1200 per hour by refrigerated air at -30°C. The rate of heat 
removal from the breads, the required volume flow rate of air, and the size of the compressor of the refrigeration system are 
to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the bread loaves are constant. 3 The cooling 
section is well-insulated so that heat gain through its walls is negligible. 


Properties The average specific and latent heats of bread are given to 
be 2.93 kJ/kg.°C and 109.3 kJ/kg, respectively. The gas constant of air 
is 0.287 kPa.mVkg.K (Table A-l), and the specific heat of air at the 
average temperature of (-30 + -22)12 = -26°C « 250 K is c p =1.0 
kJ/kg. °C (Table A-2). 

Analysis ( a ) Noting that the breads are cooled at a rate of 500 loaves per 
hour, breads can be considered to flow steadily through the cooling section 
at a mass flow rate of 



"Wad = (1200 breads/h)( 0.350 kg/bread) = 420 kg/h = 0. 1 167 kg/s 


Then the rate of heat removal from the breads as they are cooled from 30°C to -10°C and frozen becomes 
Gbiead Kmc /? AD bread = (420 kg/h)(2.93 kJ/kg.°C)[(30 - (-10)]°C = 49,224 kJ/h 

Gfeezing =CwA,atent)bread = (420 kg/hXl09.3kJ/kg) = 45,906kJ/h 


and 


Gtotal = Qlnnad + C? freezing = 49,224 + 45,906 = 95,1 30 kj/h 

(b) All the heat released by the breads is absorbed by the refrigerated air, and the temperature rise of air is not to exceed 
8°C. The minimum mass flow and volume flow rates of air are determined to be 


'"air = 


Qai 


air 


95,130kJ/h 


(c p AT), ir (1.0 kJ/kg. 0 C)(8°C) 


= 11,891 kg/h 


P = 


P 


101.3 kPa 


RT (0.287 kPa. m 3 /kg . K)(-3 0 + 273) K 


= 1.453 kg/m- 


td r = = = 8185 m 3 /h 


P air 1.453 kg/m- 

(c) For a COP of 1.2, the size of the compressor of the refrigeration system must be 

Grefng 95,130kJ/h 


H^refrig - 


COP 


1.2 


= 79,275 kJ/h = 22. 02 kW 
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6-142 The drinking water needs of a production facility with 20 employees is to be met by a bobbler type water fountain. 
The size of compressor of the refrigeration system of this water cooler is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Water is an incompressible substance with constant properties at room 
temperature. 3 The cold water requirement is 0.4 L/h per person. 

Properties The density and specific heat of water at room temperature are p = 1.0 kg/L and c = 4.18 kJ/kg.°C.C (Table A- 
3). 

Analysis The refrigeration load in this case consists of the heat gain of the reservoir and the cooling of the incoming water. 
The water fountain must be able to provide water at a rate of 


"'water = water = (1 kg/L)(0.4 L/h • person)(20 persons) = 8.0kg/h 

To cool this water from 22 °C to 8°C, heat must removed from the water at 
a rate of 

Gcooling — mCp (^n — ^out) 

= (8.0 kg/h)(4. 18 kJ/kg.°C)(22 - 8)°C 
= 468 kJ/h = 130 W (since 1 W = 3.6kJ/h) 

Then total refrigeration load becomes 

£2 refrig, total ^cooling + ^transfer =130+45 = 175W 

Noting that the coefficient of performance of the refrigeration 
system is 2.9, the required power input is 



£2 re frig 

COP 


175 W 
2.9 


= 60.3 W 




Therefore, the power rating of the compressor of this refrigeration system must be at least 60.3 W to meet the cold water 
requirements of this office. 
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6-143 A typical heat pump powered water heater costs about $800 more to install than a typical electric water heater. 
The number of years it will take for the heat pump water heater to pay for its cost differential from the energy it saves is to 
be determined. 

Assumptions 1 The price of electricity remains constant. 2 Water is 
an incompressible substance with constant properties at room 
temperature. 3 Time value of money (interest, inflation) is not 
considered. 

Analysis The amount of electricity used to heat the water and the 
net amount transferred to water are 


Total energy used (electrical) = 


T otal cost of energy 
Unit cost of energy 
$350/year 


$0.1 1/kWh 
= 3 182 kWh/year 

Total energy transfer to water = E m = (Efficienc y)(T otal energy used) 

= 0.95x3 182 kWh/year 
= 3023 kWh/year 

The amount of electricity consumed by the heat pump and its cost are 



Cold 

water 


Heater 


Energy usage (of heat pump) = 


Energy transfer to water 3023 kWh/year 


COP HP 3.3 

Energy cost (of heat pump) = (Energy usage)(Uni t cost of energy) 

= (916.0 kWh/year)($0. 1 1/kWh) 

= $100. 8/year 


= 9 16.0 kWh/year 


Then the money saved per year by the heat pump and the simple payback period become 

Money saved = (Energy cost of electric heater) - (Energy cost of heat pump) 

= $350 -$100.8 
= $249.2 

, , . Additional installation cost $800 _ 

Simple payback period = = = 3.21 years 

Money saved $249. 2/year 

Discussion The economics of heat pump water heater will be even better if the air in the house is used as the heat source for 
the heat pump in summer, and thus also serving as an air-conditioner. 
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6-144 Problem 6-143 is reconsidered. The effect of the heat pump COP on the yearly operation costs and the 

number of years required to break even are to be considered. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Energy supplied by the water heater to the water per year is E_ElecHeater" 

"Cost per year to operate electric water heater for one year is:" 

Cost_ElectHeater = 350 [$/year] 

"Energy supplied to the water by electric heater is 90% of energy purchased" 
eta=0.95 

E_ElectHeater = eta*Cost_ElectHeater /UnitCost "[kWh/year]" 

UnitCost=0.11 [$/kWh] 

"For the same amont of heated water and assuming that all the heat energy leaving the heat pump goes into the 
water, then" 

"Energy supplied by heat pump heater = Energy supplied by electric heater" 

E_HeatPump = E_ElectHeater "[kWh/year]" 

"Electrical Work enegy supplied to heat pump = Heat added to water/COP" 

COP=3.3 

WJHeatPump = E_HeatPump/COP "[kWh/year]" 

"Cost per year to operate the heat pump is" 

Cost_HeatPump=W_HeatPump*UnitCost 

"Let N_BrkEven be the number of years to break even:" 

"At the break even point, the total cost difference between the two water heaters is zero." 

"Years to break even, neglecting the cost to borrow the extra $800 to install heat pump" 

CostDiff total = 0 [$] 

CostDiff_total=AddCost+N_BrkEven*(Cost_HeatPump-Cost_ElectHeater) "[$]" 

AddCost=800 [$] 


COP 

^BrkEven 

[years] 

COStHeatPump 

[$/year] 

CoStElektHeater 

[$/year] 

2 

4.354 

166.3 

350 

2.3 

3.894 

144.6 

350 

2.6 

3.602 

127.9 

350 

2.9 

3.399 

114.7 

350 

3.2 

3.251 

103.9 

350 

3.5 

3.137 

95 

350 

3.8 

3.048 

87.5 

350 

4.1 

2.975 

81.1 

350 

4.4 

2.915 

75.57 

350 

4.7 

2.865 

70.74 

350 

5 

2.822 

66.5 

350 
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COP 



COP 
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6-145 A home owner is to choose between a high-efficiency natural gas furnace and a ground-source heat pump. The 
system with the lower energy cost is to be determined. 

Assumptions The two heaters are comparable in all aspects other than the cost of energy. 

Analysis The unit cost of each kJ of useful energy supplied to the house by each system is 


Natural gas furnace: 


Heat Pump System: 


Unit cost of useful energy = 


Unit cost of usefiil energy = 


($1.42/ therm) 


0.97 

($0.1 15/kWh) 


1 therm 
105,500 kJ 


= $13.9xlO~ 6 /kJ 


3.5 


1 kWh 
3600 kJ 


= $9.13xlCT 6 /k:J 


The energy cost of ground-source heat pump system will be lower. 


6-146 A washing machine uses $85/year worth of hot water heated by an electric water heater. The amount of hot water an 
average family uses per week is to be determined. 

Assumptions 1 The electricity consumed by the motor of the washer is negligible. 2 Water is an incompressible substance 
with constant properties at room temperature. 

Properties The density and specific heat of water at room temperature are p = 1.0 kg/L and c = 4.18 kJ/kg.°C (Table A-3). 
Analysis The amount of electricity used to heat the water and the net amount transferred to water are 

Total energy used (etorica 1) - ° f C '” 8y = $85/ye " = 752,2 kWh/year 

Unit cost of energy $0. 1 13/kWh 

Total energy transfer to water = E [n = (Efficienc y)(Total energy used) = 0.9 lx 752.2 kWh/year 

r 3600 kJ Y 1 year 


= 684.5 kWh/year = (684.5 kWh/year) 


lkWh 


/v 


52 weeks 


= 47,390 kJ/week 

Then the mass and the volume of hot water used per week become 


E in =mc(T out -T in ) -> rh = 


E ; 


in 


47,390 kJ/week 


c(T out - T m ) (4. 18kJ/kg.°C)(55 - 12)°C 


= 263.7 kg/week 


and 


■ = m = 263.7 kg/week _ 264L/week 


p 1 kg/L 

Therefore, an average family uses 264 liters of hot water per week for washing clothes. 
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6-147 The ventilating fans of a house discharge a houseful of warmed air in one hour (ACH =1). For an average outdoor 
temperature of 5°C during the heating season, the cost of energy “vented out” by the fans in 1 h is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The house is maintained at 22°C and 92 kPa at all times. 3 The 
infiltrating air is heated to 22 °C before it is vented out. 4 Air is an ideal gas with constant specific heats at room 
temperature. 5 The volume occupied by the people, furniture, etc. is negligible. 


• • 3 

Properties The gas constant of air is R = 0.287 kPa.m Vkg-K (Table A-l). The specific heat of air at room temperature is c p 
= 1.0 kJ/kg-°C (Table A-2a). 


Analysis The density of air at the indoor conditions of 92 kPa and 22 °C is 


Po = 


P G _ 92kPa 

RT„ (0.287 kPa.m 3 /kg.K)(22 + 273 K) 


= 1.087 kg/m- 


Noting that the interior volume of the house is 200 x 2.8 = 560 m , the 
mass flow rate of air vented out becomes 

m alr = pV, m = (1.087 kg/m 3 )(560 m 3 /h) = 608.7 kg/h = 0. 169 kg/s 

Noting that the indoor air vented out at 22 °C is replaced by infiltrating 
outdoor air at 5°C, this corresponds to energy loss at a rate of 

^loss/an — ^air^/? (^indoors ^outdoors) 

= (0. 169 kg/s)(1.0 kJ/kg.°C)(22 - 5)°C = 2.874 kJ/s = 2.874 kW 
Then the amount and cost of the heat “vented out” per hour becomes 



Fuel energy loss = e lossf anAf//7 fumace = (2.874 kW)(lh)/0.96 = 2.994 kWh 
Money loss = (Fuel energy loss)(Unit cost of energy) 

^ 1 therm 3 

= (2.994 kWh)($ 1.20/therm) =$ 0,123 

V 29. 3 kWh 


Discussion Note that the energy and money loss associated with ventilating fans can be very significant. Therefore, 
ventilating fans should be used sparingly. 
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6-148 The ventilating fans of a house discharge a houseful of air-conditioned air in one hour (ACH =1). For an average 
outdoor temperature of 28 °C during the cooling season, the cost of energy “vented out” by the fans in 1 h is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 The house is maintained at 22 °C and 92 kPa at all times. 3 The 
infiltrating air is cooled to 22 °C before it is vented out. 4 Air is an ideal gas with constant specific heats at room 
temperature. 5 The volume occupied by the people, furniture, etc. is negligible. 6 Latent heat load is negligible. 

Properties The gas constant of air is R = 0.287 kPa.m/kg-K (Table A-l). The specific heat of air at room temperature is 
c p =1.0 kJ/kg-°C (Table A-2a). 


Analysis The density of air at the indoor conditions of 92 kPa and 22 °C is 


P, 


Po = 


92kPa 


RT 0 (0.287 kPa.m 3 /kg.K)(22 + 273 K) 


= 1.087 kg/m- 


3 

Noting that the interior volume of the house is 200 x 2.8 = 560 nr, the mass 
flow rate of air vented out becomes 


m air = pV [m = (1.087 kg/m 3 )(560 m 3 /h) = 608.7 kg/h = 0. 1690 kg/s 


Noting that the indoor air vented out at 22 °C is replaced by infiltrating 
outdoor air at 33°C, this corresponds to energy loss at a rate of 

^lossfan — ^air^p (^outdoors ^indoors) 

= (0. 1 690 kg/ s)( 1 . 0 kJ/kg.°C)(33 - 22)°C = 1.859 kJ/s = 1.859kW 


Then the amount and cost of the electric energy “vented out” per hour becomes 


33°C 
92 kPa 


Bathroom 

fan 


t 


t 



22°C 


Electric energy loss = 2 lossfan At / COP = (1 .859 kW)(l h)/2. 1 = 0. 8854 kWh 
Money loss = (Fuel energy loss)(Unit cost of energy) 

= (0.8854 kWh)($0. 12 /kWh) = $ 0,106 

Discussion Note that the energy and money loss associated with ventilating fans can be very significant. Therefore, 
ventilating fans should be used sparingly. 
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6-149 A geothermal heat pump with R-134a as the working fluid is considered. The evaporator inlet and exit states are 
specified. The mass flow rate of the refrigerant, the heating load, the COP, and the minimum power input to the compressor 
are to be determined. 

Assumptions 1 The heat pump operates steadily. 2 The kinetic and potential energy changes are zero. 3 Steam properties are 
used for geothermal water. 


Properties The properties of R-134a and water are 
(Steam and R-134a tables) 


T x = 12°C 
x x =0.15 


h x =96.54 kJ/kg 
P = 443.3 kPa 


x 


Qh 


Condenser 


P 2 = P X = 443.3 kPa 


*2 = 

1 


T„,i 

= 60°C 

>h w,\ = '■ 

X w, 1 

= 0 

Tw,2 

= 40°C 

Sr- 

II 

X w,2 

= 0 


h 2 =257.33 kJ/kg 



Expansion 

valve 


Compressor 


12°C 
x = 0.15 


Evaporator 


Analysis ( a ) The rate of heat transferred from the water is the 
energy change of the water from inlet to exit 


Geo water 
60°C 


Ql 

40°C 


Wi, 


Sat. vap. 


Ql = < (h wJ - h w2 ) = (0.065 kg/s)(25 1 . 1 8 - 1 67.53) kJ/kg = 5.437 kW 
The energy increase of the refrigerant is equal to the energy decrease of the water in the evaporator. That is, 

Q l 5.437 kW 


QL=m R (h 2 -V 


->m R = 


h 2 —h x 


(257.33 -96.54) kJ/kg 

( b ) The heating load is 

q h =q l +W m =5.437 + 1.6 = 7.04kW 

(c) The COP of the heat pump is determined from its definition, 


0.0338kg/s 


COP = 


Q h 7.04 kW 


W; 


in 


1.6 kW 


4.40 


(d) The COP of a reversible heat pump operating between the same temperature limits is 

1 1 


COP 

max 


= 9.51 


1 ~T l /T h 1 - (25 + 273) /(60 + 273) 

Then, the minimum power input to the compressor for the same refrigeration load would be 

Q h 7.04 kW 


W; 


in, min 


COP 


max 


9.51 


= 0.740kW 
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6-150 A heat pump is used as the heat source for a water heater. The rate of heat supplied to the water and the minimum 
power supplied to the heat pump are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero. 

Properties The specific heat and specific volume of water at room temperature are c p = 4.18 kJ/kg.K and i/=0.001 nr /kg 
(Table A-3). 

Analysis (a) An energy balance on the water heater gives the rate of heat supplied to the water 


Q h = me p (T 2 -7\) 

0 

- C p (T 2 —Ty) 

1 / 

= (0 - 02/60) " 3/S (4. 1 8 kJ/kg.°C)(50 -10) “C 
0.001m 3 /kg 

= 55.73kW 


( b ) The COP of a reversible heat pump operating between 
the specified temperature limits is 


COP_ = 


1 


1 


max 


\-T l !T h 1- (0 + 273)7(30 + 273) 


= 10 . 


Then, the minimum power input would be 



Surroundings 

0°C 


Vk; 


Q 


H 


in, min 


COP 


max 


55.73 kW 

10.1 


5.52kW 
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6-151 A heat pump receiving heat from a lake is used to heat a house. The minimum power supplied to the heat pump and 
the mass flow rate of lake water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero. 

Properties The specific heat of water at room temperature is c p = 4.18 kJ/kg.K (Table A-3). 

Lake water 



Analysis (a) The COP of a reversible heat pump operating between the specified temperature limits is 

1 1 


COP lllax = 


1 -T l /T h 1- (6 + 273)7(23+273) 


= 17.41 


Then, the minimum power input would be 

Q h (52,000/ 3600) kW 14.44 kW 


W; 


mmn CO p 17.41 17.41 

llklA 


0.830kW 


(b) The rate of heat absorbed from the lake is 

Ql = Qh ~W mmn =14.44 -0.830 = 13.61 kW 
An energy balance on the heat exchanger gives the mass flow rate of lake water 

Q l 13.61 kJ/s 


m 


water 


c p AT (4.18 kJ/kg.°C)(5 °C) 


= 0.651kg/s 
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6-152 It is to be proven that the COP of all completely reversible refrigerators must be the same when the reservoir 
temperatures are the same. 

Assumptions The refrigerators operate steadily. 

Analysis We begin by assuming that COP A < COP 5 . When this is the case, a rearrangement of the coefficient of 
performance expression yields 




COP A > COPg 


= w 


B 


That is, the magnitude of the work required to drive 
refrigerator A is greater than that needed to drive refrigeratoi 
Applying the first law to both refrigerators yields 

Qh,a > Qh,b 


effect, Q l . 

Since A is a completely reversible refrigerator, 
we can reverse it without changing the magnitude of the 
heat and work transfers. This is illustrated in the figure 
below. The heat, Q L , which is rejected by the reversed 
refrigerator A can now be routed directly to refrigerator B. 

The net effect when this is done is that no heat is 
exchanged with the T L reservoir. The magnitude of the 
heat supplied to the reversed refrigerator A, Q HA has been 
shown to be larger than that rejected by refrigerator B. 

There is then a net heat transfer from the T H reservoir to 
the combined device in the dashed lines of the figure 
whose magnitude is given by Q HA - Q h ,b ■ Similarly, there 
is a net work production by the combined device whose 
magnitude is given by W A - W B . 

The combined cyclic device then exchanges heat with a reservoir at a single temperature and produces work which 
is clearly a violation of the Kelvin-Planck statement of the second law. Our assumption the COP A < COP fi must then be 
wrong. 

If we interchange A and B in the previous argument, we would conclude that the C0P 5 cannot be less than COP A . 
The only alternative left is that 

COP A = COPfi 



6-153 A Carnot heat engine is operating between specified temperature limits. The source temperature that will double the 
efficiency is to be determined. 

Analysis Denoting the new source temperature by T H , the thermal efficiency of the Carnot heat engine for both cases can 
be expressed as 


Ti 


j * Tt 

n th,c = 1 - f- and '/ih.c = 1 - — r = 2// lhx 


T , 


H 


Substituting, 


Ti 


H 


T 


L 


= 2 


T 


T 


L 


T 


H J 


Solving for T h , 


* _ T h T l 

1 H ~ 


T h ~2T l 


which is the desired relation. 
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6-154 A Carnot cycle is analyzed for the case of temperature differences in the boiler and condenser. The ratio of overall 
temperatures for which the power output will be maximum, and an expression for the maximum net power output are to be 
determined. 

Analysis It is given that 

Q h = {hA)n ^[h -Tr )• 

Therefore, 


or, 


W = tj^Qh = 
W 


i-4 


(hA) H T h 


v T hj 

* \/ 


{hA) H (T H -T H = 


1- 


T 


.* \ 


L 


Tx 


{hA) H 


r 

i-4 


i-4 


Tx 


H J 


i-4 

Tx 


= (l - r)x 


H J 

( 1 ) 


Tx 


H 


T 


H 


H J 

* * 


where we defined r and x as r - T L /T H and x = 1 - T H /T H . 
For a reversible cycle we also have 


T 


H 


Q 


H 


T 


L 


Q 


L 


_ (4)// ( 

Th ~ Th ) {hA) H T H 1 

(l ~Th'T h ) 


(hA),} 

(t*-T l ) {hA) L T H (T* 

it h -t l /t h ) 


but 


_ * * __ * 

T l T l T h 


T, 


^ ryr 

Tu T f 


= r(l - x) . 


H l h H 

Substituting into above relation yields 


1 


M 


H 


X 


r (hA),[r(\-x)-T L IT H ] 
Solving for x, 

r~T L /T H 


r[(hA) H !(hA) L + lj 
Substitute (2) into (1): 


( 2 ) 


W = (hA) H T H (\-r) 


r-T, IT, 


L ' 


r[(hA) H !(hA) L + 1] 


( 3 ) 


dW 



Taking the partial derivative holding everything else constant and setting it equal to zero gives 

dr 


T 


r = 


L 


Tx 


H 


f T \/2 

1 L 

\ t h j 


( 4 ) 


which is the desired relation. The maximum net power output in this case is determined by substituting (4) into (3). It 
simplifies to 

r i /^2 

M* t h 


w = - 

“ 1 +(HA) h /(HA) l 


1- 


r T \ 

1 L 


V t h j 


6-155 It is to be shown that COP HP = COP R +1 for the same temperature and heat transfer terms. 
Analysis Using the definitions of COPs, the desired relation is obtained to be 

COP H p = = gL+WnetJn = -^ + 1 = COP R +1 

w W W 

rr net,in rr net,in rr net,in 
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• 2 

6-156 A 2.4-m high 200-m house is maintained at 22°C by an air-conditioning system whose COP is 3.2. It is estimated 
that the kitchen, bath, and other ventilating fans of the house discharge a houseful of conditioned air once every hour. If the 

o 

average outdoor temperature is 32°C, the density of air is 1.20 kg/m , and the unit cost of electricity is $0. 10/kWh, the 
amount of money “vented out” by the fans in 10 hours is 

(a) $0.50 (b) $1.60 (c) $5.00 (d) $11.00 (e) $16.00 


Answer (a) $0.50 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

COP=3.2 
T1=22 "C" 

T2=32 "C" 

Price=0.10 "$/kWh" 

Cp=1 .005 "kJ/kg-C" 
rho=1 .20 "kg/m A 3" 

V=2. 4*200 "m A 3" 

m=rho*V 

m_total=m*10 

Ein=m_total*Cp*(T2-T 1 )/COP "kJ" 

Cost=(Ein/3600)*Price 

"Some Wrong Solutions with Common Mistakes:" 

W1_Cost=(Price/3600)*m_total*Cp*(T2-T1)*COP "Multiplying by Eft instead of dividing" 
W2_Cost=(Price/3600)*m_total*Cp*(T2-T 1 ) "Ignoring efficiency" 

W3_Cost=(Price/3600)*m*Cp*(T2-T 1 )/COP "Using m instead of m_total" 
W4_Cost=(Price/3600)*m_total*Cp*(T2+T1 )/COP "Adding temperatures" 


6-157 The drinking water needs of an office are met by cooling tab water in a refrigerated water fountain from 23°C to 6°C 
at an average rate of 10 kg/h. If the COP of this refrigerator is 3.1, the required power input to this refrigerator is 

(a) 197 W (b) 612 W (c) 64 W (d) 109 W (e) 403 W 


Answer (c) 64 W 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

COP=3.1 

Cp=4.1 8 "kJ/kg-C" 

T1=23 "C" 

T2=6 "C" 

m_dot=1 0/3600 "kg/s" 

Q_L=m_dot*Cp*(T 1 -T2) "kW" 

W_in=Q_L*1 000/COP "W" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Win=m_dot*Cp*(T 1 -T2) *1000*COP "Multiplying by COP instead of dividing" 

W2_Win=m_dot*Cp*(T 1 -T2) *1000 Not using COP" 

W3_Win=m_dot*(T1 -T2) *1000/COP "Not using specific heat" 

W4_Win=m_dot*Cp*(T 1 +T2) *1000/COP "Adding temperatures" 
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6-158 The label on a washing machine indicates that the washer will use $85 worth of hot water if the water is heated by a 
90% efficiency electric heater at an electricity rate of $0. 09/kWh. If the water is heated from 18°C to 45°C, the amount of 
hot water an average family uses per year, in metric tons, is 

(a) 11.6 tons (b) 15.8 tons (c) 27.1 tons (d) 30.1 tons (e) 33.5 tons 

Answer (b) 27.1 tons 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Eff=0.90 

C=4.18 "kJ/kg-C" 

T1 =1 8 "C" 

T2=45 "C" 

Cost=85 "$" 

Price=0.09 "$/kWh" 

Ein=(Cost/Price)*3600 "kJ" 

Ein=m*C*(T2-T 1 )/Eff "kJ" 

"Some Wrong Solutions with Common Mistakes:" 

Ein=W1_m*C*(T2-T1)*Eff "Multiplying by Eft instead of dividing" 

Ein=W2_m*C*(T2-T1) "Ignoring efficiency" 

Ein=W3_m*(T2-T1)/Eff "Not using specific heat" 

Ein=W4_m*C*(T2+T 1 )/Eff "Adding temperatures" 


6-159 A heat pump is absorbing heat from the cold outdoors at 5°C and supplying heat to a house at 25°C at a rate of 18,000 
kJ/h. If the power consumed by the heat pump is 1.9 kW, the coefficient of performance of the heat pump is 

(a) 1.3 (b) 2.6 (c) 3.0 (d) 3.8 (e) 13.9 


Answer (b) 2.6 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

TL=5 "C" 

TH=25 "C" 

QH=1 8000/3600 "kJ/s" 

Win=1 .9 "kW" 

COP=QH/Win 

"Some Wrong Solutions with Common Mistakes:" 

W1_COP=Win/QH "Doing it backwards" 

W2_COP=TH/(TH-TL) "Using temperatures in C" 

W3_COP=(TH+273)/(TH-TL) "Using temperatures in K" 

W4_COP=(TL+273)/(TH-TL) "Finding COP of refrigerator using temperatures in K" 
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6-160 A heat engine cycle is executed with steam in the saturation dome. The pressure of steam is 1 MPa during heat 
addition, and 0.4 MPa during heat rejection. The highest possible efficiency of this heat engine is 

(a) 8.0% (b) 15.6% (c) 20.2% (d) 79.8% (e) 100% 


Answer (a) 8.0% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PH=1000 "kPa" 

PL=400 "kPa" 

TH=TEMPERATURE(Steam_IAPWS,x=0,P=PH) 

TL=TEMPERATURE(Steam_IAPWS,x=0,P=PL) 

Eta_Carnot=1 -(TL+273)/(TH+273) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eta_Carnot=1 -PL/PH "Using pressures" 

W2_Eta_Carnot=1-TL/TH "Using temperatures in C" 

W3_Eta_Carnot=TL/TH "Using temperatures ratio" 


6-161 A heat engine receives heat from a source at 1000°C and rejects the waste heat to a sink at 50°C. If heat is supplied to 
this engine at a rate of 100 kJ/s, the maximum power this heat engine can produce is 

(a) 25.4 kW (b) 55.4 kW (c) 74.6 kW (d) 95.0 kW (e) 100.0 kW 

Answer (c) 74.6 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

TH=1000 "C" 

TL=50 "C" 

Q_in=100 "kW" 

Eta=1 -(TL+273)/(TH+273) 

W_out=Eta*Q_in 

"Some Wrong Solutions with Common Mistakes:" 

W1_W_out=(1 -TL/TH)*Q_in "Using temperatures in C" 

W2_W_out=Q_in "Setting work equal to heat input" 

W3_W_out=Q_in/Eta "Dividing by efficiency instead of multiplying" 

W4_W_out=(TL+273)/(TH+273)*Q_in "Using temperature ratio" 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 


6-70 


6-162 A heat pump cycle is executed with R-134a under the saturation dome between the pressure limits of 1.4 MPa and 
0.16 MPa. The maximum coefficient of performance of this heat pump is 

(a) 1.1 (b) 3.8 (c) 4.8 (d) 5.3 (e) 2.9 


Answer (c) 4.8 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PH=1400 "kPa" 

PL=160 "kPa" 

TH=TEMPERATURE(R1 34a,x=0,P=PH) "C" 

TL=TEMPERATURE(R1 34a,x=0,P=PL) "C" 

COP_HP=(TH+273)/(TH-TL) 

"Some Wrong Solutions with Common Mistakes:" 

W1_COP=PH/(PH-PL) "Using pressures" 

W2_COP=TH/(TH-TL) "Using temperatures in C" 

W3_COP=TL/(TH-TL) "Refrigeration COP using temperatures in C" 

W4_COP=(TL+273)/(TH-TL) "Refrigeration COP using temperatures in K" 


6-163 A refrigeration cycle is executed with R-134a under the saturation dome between the pressure limits of 1.6 MPa and 
0.2 MPa. If the power consumption of the refrigerator is 3 kW, the maximum rate of heat removal from the cooled space of 
this refrigerator is 

(a) 0.45 kJ/s (b) 0.78 kJ/s (c)3.0kJ/s (d)11.6kJ/s (e) 14.6 kJ/s 


Answer (d) 11.6 kJ/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PH=1 600 "kPa" 

PL=200 "kPa" 

W_in=3 "kW" 

TH=TEMPERATURE(R134a,x=0,P=PH) "C" 

TL=TEMPERATURE(R1 34a,x=0,P=PL) "C" 

COP=(TL+273)/(TH-TL) 

QL=W_in*COP "kW" 

"Some Wrong Solutions with Common Mistakes:" 

W1_QL=WJn*TL/(TH-TL) "Using temperatures in C" 

W2_QL=W_in "Setting heat removal equal to power input" 

W3_QL=WJn/COP "Dividing by COP instead of multiplying" 

W4_QL=WJn*(TH+273)/(TH-TL) "Using COP definition for Heat pump" 
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6-164 A heat pump with a COP of 3.2 is used to heat a perfectly sealed house (no air leaks). The entire mass within the 
house (air, furniture, etc.) is equivalent to 1200 kg of air. When running, the heat pump consumes electric power at a rate of 
5 kW. The temperature of the house was 7°C when the heat pump was turned on. If heat transfer through the envelope of 
the house (walls, roof, etc.) is negligible, the length of time the heat pump must run to raise the temperature of the entire 
contents of the house to 22°C is 

(a) 13.5 min (b) 43.1 min (c) 138 min (d) 18.8 min (e) 808 min 

Answer (a) 13.5 min 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

COP=3.2 

Cv=0.718 "kJ/kg.C" 
m=1 200 "kg" 

T1=7 "C" 

T2=22 "C" 

QH=m*Cv*(T2-T 1 ) 

Win=5 "kW" 

Win*time=QH/COP/60 

"Some Wrong Solutions with Common Mistakes:" 

Win*W1_time*60=m*Cv*(T2-T 1 ) *COP "Multiplying by COP instead of dividing" 

Win*W2_time*60=m*Cv*(T2-T1) "Ignoring COP" 

Win*W3_time=m*Cv*(T2-T1) /COP "Finding time in seconds instead of minutes" 
Win*W4_time*60=m*Cp*(T2-T1) /COP "Using Cp instead of Cv" 

Cp= 1.005 "kJ/kg.K" 


6-165 A heat engine cycle is executed with steam in the saturation dome between the pressure limits of 7 MPa and 2 MPa. 
If heat is supplied to the heat engine at a rate of 150 kJ/s, the maximum power output of this heat engine is 

(a) 8.1 kW (b) 19.7 kW (c) 38.6 kW (d) 107 kW (e) 130 kW 

Answer (b) 19.7 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PH=7000 "kPa" 

PL=2000 "kPa" 

Q_in=150 "kW" 

TH=TEMPERATURE(Steam_IAPWS,x=0,P=PH) "C" 

TL=TEMPERATURE(Steam_IAPWS,x=0,P=PL) "C" 

Eta=1 -(TL+273)/(TH+273) 

W_out=Eta*Q_in 

"Some Wrong Solutions with Common Mistakes:" 

W1_W_out=(1 -TL/TH)*QJn "Using temperatures in C" 

W2_W_out=(1 -PL/PH)*Q_in "Using pressures" 

W3_W_out=Q_in/Eta "Dividing by efficiency instead of multiplying" 

W4_W_out=(TL+273)/(TH+273)*Q_in "Using temperature ratio" 
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6-166 An air-conditioning system operating on the reversed Carnot cycle is required to remove heat from the house at 
a rate of 32 kJ/s to maintain its temperature constant at 20°C. If the temperature of the outdoors is 35 °C, the power 
required to operate this air-conditioning system is 

(a) 0.58 kW (b) 3.20 kW (c) 1.56 kW (d) 2.26 kW (e)1.64kW 


Answer (e) 1.64 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

TL=20 "C" 

TH=35 "C" 

QL=32 "kJ/s" 

COP=(TL+273)/(TH-TL) 

COP=QL/Win 

"Some Wrong Solutions with Common Mistakes:" 

QL=W1_Win*TL/(TH-TL) "Using temperatures in C" 

QL=W2_Win "Setting work equal to heat input" 

QL=W3_Win/COP "Dividing by COP instead of multiplying" 

QL=W4_Win*(TH+273)/(TH-TL) "Using COP of HP" 


6-167 A refrigerator is removing heat from a cold medium at 3°C at a rate of 7200 kJ/h and rejecting the waste heat to a 
medium at 30°C. If the coefficient of performance of the refrigerator is 2, the power consumed by the refrigerator is 

(a)O.lkW (b) 0.5 kW (c)1.0kW (d) 2.0 kW (e)5.0kW 

Answer (c) 1 .0 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

TL=3 "C" 

TH=30 "C" 

QL=7200/3600 "kJ/s" 

COP=2 

QL=Win*COP 

"Some Wrong Solutions with Common Mistakes:" 

QL=W1_Win*(TL+273)/(TH-TL) "Using Carnot COP" 

QL=W2_Win "Setting work equal to heat input" 

QL=W3_Win/COP "Dividing by COP instead of multiplying" 

QL=W4_Win*TL/(TH-TL) "Using Carnot COP using C" 
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6-168 Two Carnot heat engines are operating in series such that the heat sink of the first engine serves as the heat source of 
the second one. If the source temperature of the first engine is 1300 K and the sink temperature of the second engine is 300 
K and the thermal efficiencies of both engines are the same, the temperature of the intermediate reservoir is 

(a) 625 K (b) 800 K (c) 860 K (d) 453 K (e) 758 K 


Answer (a) 625 K 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

TH=1300 "K" 

TL=300 "K" 

"Setting thermal efficiencies equal to each other:" 

1-Tmid/TH=1-TL/Tmid 

"Some Wrong Solutions with Common Mistakes:" 

W1_Tmid=(TL+TH)/2 "Using average temperature" 


6-169 Consider a Carnot refrigerator and a Carnot heat pump operating between the same two thermal energy reservoirs. If 
the COP of the refrigerator is 3.4, the COP of the heat pump is 

(a) 1.7 (b) 2.4 (c) 3.4 (d) 4.4 (e) 5.0 


Answer (d) 4.4 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

COP_R=3.4 

COP_HP=COP_R+1 

"Some Wrong Solutions with Common Mistakes:" 

W1_COP=COP_R-1 "Subtracting 1 instead of adding 1" 

W2_COP=COP_R "Setting COPs equal to each other" 


6-170 A typical new household refrigerator consumes about 680 kWh of electricity per year, and has a coefficient of 
performance of 1 .4. The amount of heat removed by this refrigerator from the refrigerated space per year is 

(a) 952 MJ/yr ( b ) 1749 MJ/yr (c) 2448 MJ/yr ( d ) 3427 MJ/yr (e) 4048 MJ/yr 


Answer ( d ) 3427 MJ/yr 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

W_in=680*3.6 "MJ" 

COP_R=1 .4 
Q L= W_i n * C O P_R "MJ" 

"Some Wrong Solutions with Common Mistakes:" 

W1_QL=W_in*COP_R/3.6 "Not using the conversion factor" 

W2_QL=W_in "Ignoring COP" 

W3_QL=W_in/COP_R "Dividing by COP instead of multiplying" 
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6-74 


6-171 A window air conditioner that consumes 1 kW of electricity when running and has a coefficient of performance of 3 
is placed in the middle of a room, and is plugged in. The rate of cooling or heating this air conditioner will provide to the air 
in the room when running is 

(a) 3 kJ/s, cooling (b) 1 kJ/s, cooling (c) 0.33 kJ/s, heating ( d ) 1 kJ/s, heating ( e ) 3 kJ/s, heating 


Answer ( d ) 1 kJ/s, heating 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

W_in=1 "kW" 

COP=3 

"From energy balance, heat supplied to the room is equal to electricity consumed," 

E_supplied=W_in "kJ/s, heating" 

"Some Wrong Solutions with Common Mistakes:" 

W1_E=-W_in "kJ/s, cooling" 

W2_E=-COP*W_in "kJ/s, cooling" 

W 3_E = W_i n/C O P "kJ/s, heating" 

W4_E=COP*W_in "kJ/s, heating" 


6-172 ■■■ 6-178 Design and Essay Problems 
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Entropy and the Increase of Entropy Principle 


7-2 


7-1C Yes. Because we used the relation ( Qh/Th ) = ( QJTl ) in the proof, which is the defining relation of absolute 
temperature. 


7-2C No. A system may reject more (or less) heat than it receives during a cycle. The steam in a steam power plant, for 
example, receives more heat than it rejects during a cycle. 


7-3C Yes. 


7-4C That integral should be performed along a reversible path to determine the entropy change. 


7-5C No. An isothermal process can be irreversible. Example: A system that involves paddle-wheel work while losing an 
equivalent amount of heat. 


7-6C The value of this integral is always larger for reversible processes. 


7-7C No. Because the entropy of the surrounding air increases even more during that process, making the total entropy 
change positive. 


7-8C If the system undergoes a reversible process, the entropy of the system cannot change without a heat transfer. 
Otherwise, the entropy must increase since there are no offsetting entropy changes associated with reservoirs exchanging 
heat with the system. 


7-9C The claim that work will not change the entropy of a fluid passing through an adiabatic steady-flow system with a 
single inlet and outlet is true only if the process is also reversible. Since no real process is reversible, there will be an 
entropy increase in the fluid during the adiabatic process in devices such as pumps, compressors, and turbines. 


7- IOC Sometimes. 


7-11C Never. 
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7-3 


7-12C Always. 

7-13C Increase. 

7-14C Increases. 

7-15C Decreases. 

7-16C Sometimes. 

7-17C Greater than. 

7-18C They are heat transfer, irreversibilities, and entropy transport with mass. 


7-19E The source and sink temperatures and the entropy change of the sink for a completely reversible heat engine are 
given. The entropy decrease of the source and the amount of heat transfer from the source are to be determined. 

Assumptions The heat engine operates steadily. 

Analysis According to the increase in entropy principle, the entropy change of the source 
must be equal and opposite to that of the sink. Hence, 

AS h =-AS l = -1 0 Btu/R 

Applying the definition of the entropy to the source gives 

Q h =T h AS h = (1500 R)(-10 Btu/R) = -15,000BtU 
which is the heat transfer with respect to the source, not the device. 
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7-4 


7-20 Air is compressed steadily by a compressor. The air temperature is maintained constant by heat rejection to the 
surroundings. The rate of entropy change of air is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Air is an ideal gas. 4 The process involves no internal irreversibilities such as friction, and thus it is an 
isothermal, internally reversible process. 

Properties Noting that h = h{T) for ideal gases, we have h\ = h 2 since T\ = T 2 = 25°C. 

Analysis We take the compressor as the system. Noting that the enthalpy of air remains constant, the energy balance for this 
steady-flow system can be expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


a f ^0 (steady) 
^-^system 

V J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


Win = Gout 


Therefore, 

Gou,=W in =15kW 

Noting that the process is assumed to be an isothermal and internally 
reversible process, the rate of entropy change of air is determined to be 







15 kW 

— = -0.0503kW/K 

298 K 


7-21 Heat is transferred directly from an energy-source reservoir to an energy-sink. The entropy change of the two reservoirs 
is to be calculated and it is to be determined if the increase of entropy principle is satisfied. 


Assumptions The reservoirs operate steadily. 

Analysis The entropy change of the source and sink is given by 


AS = 






-lOOkJ 100 kJ 
1200 K 600 K 


0.0833kJ/K 


Since the entropy of everything involved in this process has 
increased, this transfer of heat is possible. 


C^^1200K^) 
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7-5 


7-22 It is assumed that heat is transferred from a cold reservoir to the hot reservoir contrary to the Clausius statement of the 
second law. It is to be proven that this violates the increase in entropy principle. 


Assumptions The reservoirs operate steadily. 


Analysis According to the definition of the entropy, the entropy change of the 
high-temperature reservoir shown below is 


AS* 


Q_ 

t h 


IQOkJ 
1200 K 


0.08333 kJ/K 


and the entropy change of the low-temperature reservoir is 


as l 


Q_ 

t l 


-100 kJ 
600 K 


= -0.1667 kJ/K 



The total entropy change of everything involved with this system is then 
AS total = AS h +A S l = 0.08333-0.1667 = -0.0833kJ/K 


which violates the increase in entropy principle since the total entropy change is negative. 


7-23 A reversible heat pump with specified reservoir temperatures is considered. The entropy change of two reservoirs is to 
be calculated and it is to be determined if this heat pump satisfies the increase in entropy principle. 


Assumptions The heat pump operates steadily. 

Analysis Since the heat pump is completely reversible, the combination of the coefficient 
of performance expression, first Law, and thermodynamic temperature scale gives 

COPhp rev = = = 17.47 

’ 1 ~T l /T h 1 - (280 K) /(297 K) 

The power required to drive this heat pump, according to the coefficient of performance, 
is then 


W. 


Q 


H 


net, in 


COP 


HP, rev 


300 kW 
17.47 


= 17.17 kW 


24°C~'^> 


300 kW 




(hpV« — w, 


Ql 


net 




According to the first law, the rate at which heat is removed from the low -temperature energy reservoir is 
Q l = Q h ~ Wnet^n = 300 kW - 17. 17 kW = 282.8 kW 

The rate at which the entropy of the high temperature reservoir changes, according to the definition of the entropy, is 
Q h 300 kW 


= 


T h 297 K 


= 1.01kW/K 


and that of the low-temperature reservoir is 
Q l - 17.17 kW 




T 


L 


280 K 


= -1.01kW/K 


The net rate of entropy change of everything in this system is 
A 5 total =AS h + AS l =1.01 -1.01 = 0 kW/K 
as it must be since the heat pump is completely reversible. 
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7-6 


7-24 Heat is transferred isothermally from a source to the working fluid of a Carnot engine. The entropy change of the 
working fluid, the entropy change of the source, and the total entropy change during this process are to be determined. 

Analysis (a) This is a reversible isothermal process, and the entropy change during such a process is given by 



T 


Noting that heat transferred from the source is equal to the heat transferred to the working fluid, the entropy changes of the 
fluid and of the source become 


AS 


l 2 fluid 


fluid 


z 


fluid 


Cin .fluid _ 900 kj 
7fl uid ~ 673 K 


1.337 kJ/K 


(b) AS = = - g °ut, source = _900kJ = _j 337 

' oUUlLC rj - r rr r 

1 source ^source U/J iv 

(c) Thus the total entropy change of the process is 

^gen = ^total = ^fluid + ^source = 1 .337 - 1.337 = 0 
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7-7 



7-25 mtrm Problem 7-24 is reconsidered. The effects of the varying the heat transferred to the working fluid and the source 
temperature on the entropy change of the working fluid, the entropy change of the source, and the total entropy change for 
the process as the source temperature varies from 100°C to 1000°C are to be investigated. The entropy changes of the source 
and of the working fluid are to be plotted against the source temperature for heat transfer amounts of 500 kJ, 900 kJ, 
and 1300 kJ. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

{T_H = 400 [C]} 

Q_H = 1300 [kJ] 

TSys = T_H 
"Analysis: 

(a) & (b) This is a reversible isothermal process, and the entropy change during such a process is given by 
DELTAS = Q/T" 

"Noting that heat transferred from the source is equal to the heat transferred to the working fluid, the entropy 
changes of the fluid and of the source become " 

DELTAS_source = -Q_H/(T_H+273) 

DELTAS_fluid = +Q_H/(T_Sys+273) 

"(c) entropy generation for the process:" 

S_gen = DELTAS_source + DELTAS_fluid 


ASflyjd 

[kJ/K] 

AS source 

[kJ/K] 

Sgen 

[kJ/K] 

T h 

[C] 

3.485 

-3.485 

0 

100 

2.748 

-2.748 

0 

200 

2.269 

-2.269 

0 

300 

1.932 

-1.932 

0 

400 

1.682 

-1.682 

0 

500 

1.489 

-1.489 

0 

600 

1.336 

-1.336 

0 

700 

1.212 

-1.212 

0 

800 

1.108 

-1.108 

0 

900 

1.021 

-1.021 

0 

1000 



t h [C] 
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7-8 


7-26E Heat is transferred isothermally from the working fluid of a Carnot engine to a heat sink. The entropy change of the 
working fluid is given. The amount of heat transfer, the entropy change of the sink, and the total entropy change during the 
process are to be determined. 


Analysis (a) This is a reversible isothermal process, and the entropy change 
during such a process is given by 



T 


Noting that heat transferred from the working fluid is equal to the heat 
transferred to the sink, the heat transfer become 


Heat 



Carnot heat engine 


Gfluid = 7fluidAS fluid = (555 RX-0.7 Btu/R) = -388.5 Btu -> 


Gfluidjout = 388.5 Btu 


(b) The entropy change of the sink is determined from 


A^sink “ 


Gsinkjn 388.5 Btu 


T 

J sink 


555 R 


= 0.7 Btu/R 


(c) Thus the total entropy change of the process is 

5gen = AS total = AS fluid + AS sink = -0.7 + 0.7 = 0 

This is expected since all processes of the Carnot cycle are reversible processes, and no entropy is generated during a 
reversible process. 


7-27 R-134a enters an evaporator as a saturated liquid-vapor at a specified pressure. Heat is transferred to the refrigerant 
from the cooled space, and the liquid is vaporized. The entropy change of the refrigerant, the entropy change of the cooled 
space, and the total entropy change for this process are to be determined. 

Assumptions 1 Both the refrigerant and the cooled space involve no internal irreversibilities such as friction. 2 Any 
temperature change occurs within the wall of the tube, and thus both the refrigerant and the cooled space remain isothermal 
during this process. Thus it is an isothermal, internally reversible process. 

Analysis Noting that both the refrigerant and the cooled space undergo reversible isothermal processes, the entropy change 
for them can be determined from 



T 


(a) The pressure of the refrigerant is maintained constant. Therefore, the temperature of the refrigerant also remains 
constant at the saturation value, 

T — T' S at@i 40 kPa = -18.77°C = 254.4 K (Table A- 12) 

Then. AS M t = L = = 0 .7076kJ/K 

refrigerant _ 9^4 4 K 

1 refrigerant ^ 

(. b ) Similarly, 

A V ce =- Q space.om = _ MM = - 0 .6844kJ/K 
space r space 263 K 

(c) The total entropy change of the process is 

Sgen =AS total = AS 1Effigerant + AS space =0.7076- 0.6844 = 0.0232kJ/K 
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7-9 


Entropy Changes of Pure Substances 

7-28C Yes, because an internally reversible, adiabatic process involves no irreversibilities or heat transfer. 


7-29E A piston-cylinder device that is filled with water is heated. The total entropy change is to be determined. 
Analysis The initial specific volume is 


li = 2^_ L25t 3 

1 11 


/lbm 


m 2 lbm 


which is between Vf and for 300 psia. The initial quality and the entropy are 
then (Table A-5E) 

v i~ v f (1.25 -0.01890) ft 3 /lbm n onac 

v fg (1.5435 -0.01890) ft 3 /lbm 

s x =s f +x x s fg = 0.588 1 8 Btu/lbm- R + (0.8075)(0.92289 Btu/lbm- R) = 1 .3334 Btu/lbm- R 
The final state is superheated vapor and 



T 2 = 500°F 
P 2 = P\ = 300 psia 


s 2 =1.5706 Btu/lbm- R (TableA-6E) 


Hence, the change in the total entropy is 
AS = m(s 2 - ) 

= (2 lbm)(1.5706 - 1 .3334) Btu/lbm- R 

= 0.4744Btu/R 



> i/ 


7-30 An insulated rigid tank contains a saturated liquid-vapor mixture of water at a specified pressure. An electric heater 
inside is turned on and kept on until all the liquid vaporized. The entropy change of the water during this process is to be 
determined. 


Analysis From the steam tables (Tables A-4 through A-6) 

P x = 200 kPa 1 1 /, =v f +x 1 v fg = 0.001061 + (0.25)(0. 88578- 0.00106 1)= 0.22224 m 3 /kg 
x, =0.25 J Sl =s f +x x s fg =1.5302 + (0.25 )(5.5968) = 2.9294 kJ/kg-K 


(/ 


2 


x 2 


= v t = 0.22224 m 3 /kg 
= 1 (sat. vapor) 


=6.6335 kJ/kg-K 


Then the entropy change of the steam becomes 

AS = m(s 2 - .v, )= (3 kg)(6.6335 - 2.9294) kJ/kg • K = ll.lkJ/K 
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7-10 


7-31 The radiator of a steam heating system is initially filled with superheated steam. The valves are closed, and steam is 
allowed to cool until the temperature drops to a specified value by transferring heat to the room. The entropy change of the 
steam during this process is to be determined. 

Analysis From the steam tables (Tables A-4 through A-6), 


P x = 200 kPa 1 c/j = 0.95986 m 3 /kg 
T x = 150°C J s x = 7.2810 kJ/kg-K 


T 2 = 40°C 

v 2 =v X 


^2 ~Vf 


0.95986-0.001008 

19.515-0.001008 


0.04914 



s 2 =s f + x 2 s fg =0.5724+ (0.04914X7.6832) = 0.9499 kJ/kg-K 
The mass of the steam is 


m = 


(/ 


i/, 


0.020 m 


= 0.02084 kg 


■i 0.95986 m /kg 
Then the entropy change of the steam during this process becomes 

AS = m{s 2 - Sl ) = (0.02084 kgXo.9499 - 7.2810) kJ/kg K = -0. 1 32 kJ/K 



7-32 A rigid tank is divided into two equal parts by a partition. One part is filled with compressed liquid water while 
the other side is evacuated. The partition is removed and water expands into the entire tank. The entropy change of the water 
during this process is to be determined. 


Analysis The properties of the water are (Table A-4) 

P x = 400 kPa c/j ={/ f@6(fC =0.001017m 3 /kg 
T x =60°C \s x =s f@6(rc =0.8313 kJ/kg-K 

Noting that 

i/ 2 =2i/j =(2X0.001017) = 0.002034 m 3 /kg 


2.5 kg 


compressed 


liquid 

Vacuum 

400 kPa 


60°C 



P 2 = 40 kPa 
v 2 =0.002034 m 3 /kg 


= = 0.002034-0.001026 = 0 000 2 524 

v fg 3.993-0.001026 

s 2 =s f +X 2 s fg =1.0261 + (0.0002524X6.6430) = 1.0278 kJ/kg-K 


Then the entropy change of the water becomes 

AS = m(s 2 - Sl ) = (2.5 kgXl - 0278 - 0. 83 1 3) kJ/kg K = 0.492 k J/K 
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7-11 


7-33 An insulated cylinder is initially filled with saturated liquid water at a specified pressure. The water is heated 
electrically at constant pressure. The entropy change of the water during this process is to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat 
transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression or expansion 
process is quasi-equilibrium. 


Analysis From the steam tables (Tables A-4 through A-6), 


Also, 


P x = 150 kPa 
sat.liquid 


V\ — ^/(snsokPa — 0.001053 m /kg 
h\ = ^/@i50kPa = 467. 13 kJ/kg 
s i =s f@ isokPa — 1.4337 kJ/kg • K 


V 


0.005 m 


m = 


t/i 0.001053 m 7kg 


= 4.75 kg 






2200 kJ 

h 2 o 

150 kPa 
Sat. liquid 

— <- 

i 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this stationary closed system can be expressed as 


^in -^out 

s. J 

V 

Net en erg y tan s fer 
by heat, work, and mass 


A E, 


system 


Changein internal, kinetic, 
potential, etc. energies 


W e , in "HU, = A U 

We.in =m(h 2 -h l ) 


since A U + W h = AH during a constant pressure quasi-equilibrium process. Solving for h 2 . 


W vt 

h>=h+ = 467. 13 + — = 930.33 kJ/kg 

m 4.75 kg 


Thus, 


P 2 = 150 kPa 
h 2 = 930.33 kJ/kg 


h 2 -h f 930 33-467 13 

x, = — L = = 0.2081 

h fg 2226.0 

s 2 =s f +x 2 s fg = 1.4337+ (0.208 1X5.7894) = 2.6384 kJ/kg -K 


Then the entropy change of the water becomes 

AS=m(s 2 — s 1 )=(4.75kgX2.6384-1.4337)kJ/kg-K = 5.72 kJ/K 
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7-12 


7-34E R-134a is compressed in a compressor during which the entropy remains constant. The final temperature and enthalpy 
change are to be determined. 

Analysis The initial state is saturated vapor and the properties are (Table A-l IE) 
h\ = h g @ 6°f = 103.98 Btu/lbm 
s i =s g@ 6°f “ 0.22477 Btu/lbm - R 

The final state is superheated vapor and the properties are (Table A-13E) 


P 2 = 80 psia 


s 2 = s \ = 0.22477 Btu/lbm- R 


T 2 = 75.7°F 

h 2 = 114.52 Btu/lbm 


The change in the enthalpy across the compressor is then 
A h = h 2 -h x =114.52 -103.98 = 10.5 Btu/lbm 



7-35 Water vapor is expanded in a turbine during which the entropy remains constant. The enthalpy difference is to be 
determined. 


Analysis The initial state is superheated vapor and thus 

P, =6 MPa ] h, = 3178.3 kJ/kg 
1 1 (Table A -6) 

T x = 400°C s x = 6.5432 kJ/kg • K 


The entropy is constant during the process. The final state is a mixture since the 
entropy is between s f - and s g for 100 kPa. The properties at this state are (Table A-5) 

^ = (6.5432 - 1 .3028) kJ/kg K = Q ^ 
s fg 6.0562 kJ/kg -K 

h 2 =h f +x 2 h fg =417.51 + (0.8653)(2257.5) = 2370.9 kJ/kg 



The change in the enthalpy across the turbine is then 

Ah = h 2 -h l =2370.9 -3 178.3 = -807.4k J/kg 
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7-13 


7-36 R-134a undergoes a process during which the entropy is kept constant. The final temperature and internal energy are to 
be determined. 


Analysis The initial entropy is 
T = 25°C 

1 s x =0.9335 kJ/kg-K (Table A -13) 

P x =600kPa 


The entropy is constant during the process. The final state is a mixture since the entropy 
is between Sf and s g for 100 kPa. The properties at this state are (Table A- 12) 



^2 -^sat@100kPa “ 26.37 D C 

_ s 2-*f _ (0.9335 -0.07182) kJ/kg-K 
X2 s fg 0.8801 kJ/kg-K 

u 2 =u f + x 2 u fg = 17.19 + (0.9791)(198.01) = 21 1.1kJ/kg 


7-37 Refrigerant- 1 34a is is expanded in a turbine during which the entropy remains constant. The inlet and outlet velocities 
are to be determined. 

Analysis The initial state is superheated vapor and thus 


P x = 600 kPa 
T x =70°C 


i/! = 0.04307 nr /kg 
s x = 1.0706 kJ/kg-K 


(Table A - 13) 


The entropy is constant during the process. The properties at the exit state are 


P 2 = 100 kPa 

s 2 =s x =1.0706 kJ/kg-K 

The inlet and outlet veloicites are 


(/ 2 =0.2274 m 3 /kg (TableA-13) 



»^i = (0.75 kg/s )(0. 04307 m 3 /kg) = Q 0646m/s 
A, 0.5 m 2 

mv 2 .... (0-75 kg/s)(0.2274 m 3 /kg) Q-171m/= 
A 2 1.0m 2 
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7-38 A cylinder is initially filled with saturated water vapor at a specified temperature. Heat is transferred to the steam, and 
it expands in a reversible and isothermal manner until the pressure drops to a specified value. The heat transfer and the work 
output for this process are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat 
transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The process is stated to be reversible 
and isothermal. 

Analysis From the steam tables (Tables A-4 through A-6), 

T x = 200°Cl u x =u g@ 20 (k: = 2594.2 kJ/kg 

> 

sat.vapor \s l = s g @ 20 tfc = 6.4302 kJ/kg • K 

P 2 = 800 kPa 1 m 2 =2631.1 kJ/kg 
T 2 =T { ]s 2 = 6.8177 kJ/kg -K 

The heat transfer for this reversible isothermal process can be determined from 

Q = TAS = Tm(s 2 -.s, ) = (473 K)( 1 .2 kg )(6.8 177 - 6.4302) kJ/kg • K = 219.9 kj 

We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this closed system can be expressed as 

^in — ^out — ^^system 

V v ' . ' V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Gin -W b ,out = A U = m(u 2 - u { ) 

Wb.out = Qm - >n(u 2 - M, ) 

Substituting, the work done during this process is determined to be 

W b out = 219.9 kJ -(1.2 kg)(2631. 1-2594.2) kJ/kg = 175.6 kj 
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7-39 



Problem 7-38 is reconsidered. The heat transferred to the steam and the work done are to be determined and 


plotted as a function of final pressure as the pressure varies from the initial value to the final value of 800 kPa. 
Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

T_1 = 200 [C] 
x_1 = 1.0 
m_sys = 1 .2 [kg] 

{P_2 = 800"[kPa]"} 

"Analysis: " 

Fluid $='Steam_IAPWS' 

" Treat the piston-cylinder as a closed system, neglect changes in KE and PE of the Steam. The process is 
reversible and isothermal ." 

T_2 = T_1 

EJn - E_out = DELTAE_sys 
EJn = QJn 
E_out = Work_out 
DELTAE_sys = m_sys*(u_2 - u_1) 

P_1 = pressure(Fluid$,T=T_1,x=1.0) 
u_1 = INTENERGY(Fluid$,T=T_1 ,x=1 .0) 
v_1 = volume(Fluid$,T=T_1,x=1.0) 
s_1 = entropy(Fluid$,T=T_1,x=1.0) 

V_ sys = m_sys*v_1 

" The process is reversible and isothermal. 

Then P_2 and T_2 specify state 2." 
u_2 = INTENERGY(Fluid$,P=P_2,T=T_2) 
s_2 = entropy(Fluid$,P=P_2,T=T_2) 

Q_in= (T_1 +273)*m_sys*(s_2-s_1 ) 



P 2 

[kPa] 


800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1553 


Qin 

[kJ] 


219.9 

183.7 

150.6 

120 

91.23 

64.08 

38.2 

13.32 

0.4645 


Work out 

[kJ] 


175.7 

144.7 
117 

91.84 

68.85 
47.65 
27.98 
9.605 
0.3319 
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7-40 R-134a undergoes an isothermal process in a closed system. The work and heat transfer are to be determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Analysis The energy balance for this system can be 
expressed as 

^in — -^out — ^^system 

V V ' , V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Win “Gout = AU =m{u 2 ~U{) 

The initial state properties are 

P, = 320 kPa ] m, = 261.62 kJ/kg 
1 1 6 (Table A - 13) 

T x = 40°C s x = 1 .0452 kJ/kg • K 

For this isothermal process, the final state properties are (Table A-l 1) 

T 2 =T x = 40°C I u 2 =Uf + x 2 u f g = 107.39 + (0.45)(143.61) = 172.02 kJ/kg 
x 2 = 0.45 j s 2 =s f + x 2 s fg = 0.39493 + (0.45)(0.52059) = 0.62920 kJ/kg • K 

The heat transfer is determined from 

q m = T 0 (s 2 - s x ) = (3 13 K)(0.62920 - 1 .0452) kJ/kg • K = -1 30. 2 kJ/kg 
The negative sign shows that the heat is actually transferred from the system. That is, 

<7 out =130.2kJ/kg 

The work required is determined from the energy balance to be 

w in =4out + <>2 ~ u \) = 130.2 kJ/kg + (172.02 - 261.62) kJ/kg = 40.6 kJ/kg 
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7-41 A rigid tank contains saturated water vapor at a specified temperature. Steam is cooled to ambient temperature. The 
process is to be sketched and entropy changes for the steam and for the process are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible. 

Analysis (b) From the steam tables (Tables A-4 through A-6), 


T x = 100°C 
x = 1 


T 2 = 25 °C 
1/2 = 1 /! 




i/, =i/ ? = 1.6720 kJ/kg 

> u l =u g =2506.0 kJ/kg 
s x =7.3542 kJ/kg -K 

x 2 = 0.03856 

u 2 =193.67 kJ/kg 
s 2 = 0.6830 kJ/kg • K 



The entropy change of steam is determined from 

AS W = m(s 2 -s l ) = ( 5 kg)(0.6830 - 7.3542)kJ/kg • K = -33.36kJ/K 


(c) We take the contents of the tank as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this closed system can be expressed as 


^in ^out 

V j 

V 

Net energy transfer 
by heat, work, and mass 


A F 

'-^system 

v. J 

V 

Changein internal, kinetic, 
potential, etc. energies 


-2out = AU =m(u 2 -u j) 


That is, 

0, ut = rn(u x -u 2 ) = (5 kg)(2506. 0 - 193. 67)kJ/kg = l l,562kJ 


The total entropy change for the process is 




+ 



T 

SUIT 


-33.36 kJ/K + 11,562kJ = 5.44kJ/K 
298 K 
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7-42 A rigid tank is initially filled with a saturated mixture of R-134a. Heat is transferred to the tank from a source until the 
pressure inside rises to a specified value. The entropy change of the refrigerant, entropy change of the source, and the total 
entropy change for this process are to be determined. 

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions. 


Analysis {a) From the refrigerant tables (Tables A-l 1 through A- 13), 


P x = 200 kPa 
x x =0.4 


Ml = u f +x l u fg = 38.26 + (0.4Xl 86.25) = 1 12.76 kJ/kg 
s x =s f +x l s fg =0.1 5449 + (0.4)(0.78339) = 0.4678 kJ/kg K 
V x =v f +X l v fg = 0.0007532+ (0.4)(0. 099951- 0.0007532)= 0.04043 m 3 /kg 


l/o - (/ 


x 2 = 


f 


0.04043 - 0.0007905 


= 0.7853 


p 2 = 400 kPa 


C/o = l/i 


V 


fg 


0.051266-0.0007905 

u 2 =u f + x 2 u fg = 63.61 + (0.7853)(l71.49) = 198.29 kJ/kg 
s 2 =s f +X 2 s fg = 0.24757 + (0.7853)(0.67954)= 0.7813 kJ/kg -K 


The mass of the refrigerant is 


V 

m = — = 


0.5 m 


= 12.37 kg 



i/j 0.04043 m7kg 

Then the entropy change of the refrigerant becomes 

^system = m ( s 2 ~ ^ )=(l2. 37 kgXo.7813 - 0.4678) kJ/kg • K = 3.876kJ/K 

( b ) We take the tank as the system. This is a closed system since no mass enters or leaves. Noting that the volume of the 
system is constant and thus there is no boundary work, the energy balance for this stationary closed system can be expressed 
as 


^in ^out 


A E e 


system 


Net energy tnnsfer Changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

Gin =At/=m(K 2 -H 1 ) 

Substituting, 

2in = ni{ii 2 — u x )= (12.37 kgXl98.29 - 1 12.76) = 1058 kJ 
The heat transfer for the source is equal in magnitude but opposite in direction. Therefore, 
^source, out — “ Stank, in — 1058 kJ 

and 

Ssource,out 1058 kJ 


source 


Source 308 K 


= -3.434 kJ/K 


(c) The total entropy change for this process is 

AS tot;U = AS system + AS souire = 3.876 + (- 3.434) = 0.441 kJ/K 
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7-43 ““ Problem 7-42 is reconsidered. The effects of the source temperature and final pressure on the total entropy 
change for the process as the source temperature varies from 30°C to 210°C, and the final pressure varies from 250 kPa to 
500 kPa are to be investigated. The total entropy change for the process is to be plotted as a function of the source 
temperature for final pressures of 250 kPa, 400 kPa, and 500 kPa. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

P_1 = 200 [kPa] 
x_1 = 0.4 
Vsys = 0.5 [m A 3] 

P_2 = 400 [kPa] 

{T_source = 35 [C]} 

"Analysis: " 

" Treat the rigid tank as a closed system, with no work in, neglect changes in KE and PE of the R134a." 
EJn - E_out = DELTAE_sys 
E out = 0 [kJ] 

EJn = Q 

DELTAE_sys = m sys*(u 2 - u_1) 
u_1 = INTENERGY(R134a,P=P_1,x=x_1) 
v_1 = volume(R134a,P=P_1,x=x_1) 

Vsys = m_sys*v_1 

"Rigid Tank: The process is constant volume. Then P_2 and v_2 specify state 2." 
v_2 = v_1 

u_2 = INTENERGY(R134a,P=P_2,v=v_2) 

"Entropy calculations:" 

si = entropy(R134a,P=P_1,x=x_1) 

s_2 = entropY(R134a,P=P_2,v=v_2) 

DELTAS_sys = m sys*(s 2 - s_1) 

"Heat is leaving the source, thus:" 

DELTAS_source = -Q/(T_source + 273) 

"Total Entropy Change:" 

DELTASjotal = DELTAS_source + DELTAS_sys 



AStotal 

[kJ/K] 

T source 

[C] 

0.3848 

30 

0.6997 

60 

0.9626 

90 

1.185 

120 

1.376 

150 

1.542 

180 

1.687 

210 
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7-44 The heat transfer during the process shown in the figure is to be determined. 


Assumptions The process is reversible. 

Analysis No heat is transferred during the process 2-3 since the 
area under process line is zero. Then the heat transfer is equal to 
the area under the process line 1-2: 


C T + T 

Q \2 ~ j Tds = Area = 1 2 (s 2 -s x ) 


_ (600 + 273)K + (200 + 273)K 

~ 2 

= 471kJ/kg 


(1.0-0.3)kJ/kg- K 


T 



7-45E The heat transfer during the process shown in the figure is to be determined. 
Assumptions The process is reversible. 

Analysis Heat transfer is equal to the sum of the areas under the process 1-2 and 2-3. 

2 3 t +r 

q X2 = J Tds + J Tds = — —(s 2 ~ ^i) + T 2 (s 3 - s 2 ) 

1 2 


(55 + 460)R + (360 + 460)R 


(3.0 - 1.0)Btu/lbm- R 


+ [(360 + 460)R](2.0 - 3.0)Btu/lbm- R 

= 515Btu/lbm 
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7-46 Steam enters a diffuser at a specified state and leaves at a specified pressure. The minimum outlet velocity is to be 
determined. 

Analysis The inlet state is superheated vapor and thus 

hy = 27 1 1 .4 kJ/kg 


P x = 150kPa 
T x = 120°C 


s x =7.2699 kJ/kg -K 


(T able A - 6) 


For minimum velocity at the exit, the entropy will be constant during the process. The 
exit state enthalpy is (Table A-6) 


P 2 = 300 kPa 

s 2 =s x = 7.2699 kJ/kg -K 



> s 


h 2 = 2845 .7 kJ/kg (T able A - 6) 


We take the diffuser as the system, which is a control volume since mass crosses the boundary. Noting that one fluid stream 
enters and leaves the diffuser, the energy balance for this steady-flow system can be expressed in the rate form as 


^in -^out 


= A E 


<P0 (steady) 


system 


= 0 


Rate of net energy traisfer Rate of chang ein internal, kinetic, 
by heat, work, and mass potential,etc. energies 


-^'in ^out 


m 


h] H 


= m 


h o H 


(since W = Q = Ape = 0) 


h\ - h 2 = 


f v 2 -vp 


Solving for the exit velocity and substituting, 


\ ~ h 2 


r vi-vp 


V , = 


Vj + 2 (h x - h 2 

= 184.1m/s 


r - 


(550 m/s) 2 +2(271 1.4 -2845.7) kJ/kg 


^1000 m 2 /s 2 ^ 
IkJ/kg 


n0.5 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



7-22 


7-47E Steam expands in an adiabatic turbine. The maximum amount of work that can be done by the turbine is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Analysis The work output of an adiabatic turbine is maximum when the expansion process is reversible. For the reversible 
adiabatic process we have s 2 = Sj. From the steam tables (Tables A-4E through A-6E), 


P x = 800 psia 
T x = 900°F 

P 2 = 40 psia 
^2 “ ^1 


h x = 1456.0 Btu/lbm 
^ =1.6413 Btu/lbm- R 


Vo = 


s 2 -s f 1.6413-0.39213 


fg 


1.28448 


= 0.9725 


h 2 = h f +x 2 h fg =236. 14 + (0.9725)(933.69)= 1144.2 Btu/lbm 


fg 


There is only one inlet and one exit, and thus m x =rii 2 = m. We take the turbine as the 

system, which is a control volume since mass crosses the boundary. The energy balance for 
this steady-flow system can be expressed in the rate form as 


E m ~ E out 


AE« 


7I() (steady) 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 



^in — ^out 


mh x = W out +mh 2 
Kut -V) 

Dividing by mass flow rate and substituting, 

w out = h \ ~ ] h= 1456 -° - 1 144 - 2 = 311.8 Btu/lbm 
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7-48E ““ Problem 7-47E is reconsidered. The work done by the steam is to be calculated and plotted as a function of 
final pressure as the pressure varies from 800 psia to 40 psia. Also the effect of varying the turbine inlet temperature from 
the saturation temperature at 800 psia to 900°F on the turbine work is to be investigated. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

P_1 = 800 [psia] 

T_1 = 900 [F] 

P_2 = 40 [psia] 

T_sat_P_l= temperature(Fluid$,P=P_l,x=1.0) 
Fluid$='Steam_IAPWS' 


"Analysis: " 

" Treat theturbine as a steady-flow control volume, with no heat transfer in, neglect 
changes in KE and PE of the Steam." 

"The isentropic work is determined from the steady-flow energy equation written per unit mass:" 
ejn - e_out = DELTAe_sys 
E_out = Work_out+h_2 "[Btu/lbm]" 
ejn = h_l "[Btu/lbm]" 

DELTAe_sys = 0 "[Btu/lbm]" 
h_l = enthalpy(Fluid$,P=P_l,T=T_l) 
s_l = entropy(Fluid$,P=P_l,T=T_l) 

"The process is reversible 
and adiabatic or isentropic. 

Then P_2 and s_2 specify state 2." 
s_2 = s_l "[Btu/lbm-R]" 
h_2 = enthalpy(Fluid$,P=P_2,s=s_2) 

T_2_isen=temperature(Fluid$,P=P_2,s=s_2) 


Ti 

Work out 

[FI 

[Btu/lbm] 

520 

219.3 

560 

229.6 

600 

239.1 

650 

250.7 

690 

260 

730 

269.4 

770 

279 

820 

291.3 

860 

301.5 

900 

311.9 



P 2 [psia] 



T, [F] 
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7-49 Steam is expanded in an isentropic turbine. The work produced is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic (i.e., reversible- 
adiabatic). 


Analysis There is one inlet and two exits. We take the turbine as the system, which is a control volume since mass crosses 
the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 



v 

R ate o f n et en erg y ton s fer 
by heat, work, and mass 


A E B 


7IQ (steady) 


system 


= 0 


Rate of changein internal, kinetic, 
potential, etc. energies 




™-A =m 2 h 2 + m 3 h 3 +W out 

W oai =mA -m 2 h 2 ~m 3 h 

From a mass balance, 

m 2 = 0.05 m x = (0.05)(5 kg/s) = 0.25 kg/s 
m 3 = 0.95m! = (0.95)(5 kg/s) = 4.75 kg/s 


Noting that the expansion process is isentropic, the enthalpies at three 
states are determined as follows: 


P 3 = 50 kPa 
T 3 = 100°C 


h 3 = 2682.4 kJ/kg 
s 3 = 7.6953 kJ/kg -K 


(Table A -6) 


3 MPa 
2 kg/s 


500 kPa 



50 kPa 
100°C 



P x =3 MPa 

s x =s 3 = 7.6953 kJ/kg -K 


h x =385 1.2 kJ/kg 


(T able A - 6) 


P 2 = 500 kPa 

=^ 3 =7.6953 kJ/kg -K 


h 2 = 3206.5 kJ/kg (Table A - 6) 


Substituting, 

^out = - m 2 h 2 - m 3 h 3 

= (2 kg/s)(385 1 .2 kJ/kg) - (0. 1 kg/s)(3206.5 kJ/kg) - (1 .9 kg/s)(2682. 4 kJ/kg) 

= 2285kW 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



7-50 Water is compressed in a closed system during which the entropy remains constant. The final temperature and the 
work required are to be determined. 


7-25 


Analysis The initial state is superheated vapor and thus 

R = 70 kPa ] u x = 2509.4 kJ/kg 
1 1 (T able A - 6) 

T x = 100°C s x = 7.5344 kJ/kg • K 


The entropy is constant during the process. The properties at the exit state are 


P 2 =4000kPa 
s 2 =s l = 7.5344 kJ/kg -K 


u 2 =3396.5 kJ/kg 

T 2 =664°C 


(T able A - 6) 



To determine the work done, we take the contents of the cylinder as the system. This is a closed system since no mass enters 
or leaves. The energy balance for this stationary closed system can be expressed as 


F - F = A F 

p'm ^out system 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

w in = Au = u 2 - u x (since Q = KE = PE = 0) 


Substituting, 

w in =u 2 -u x = (3396.5 -2509.4)kJ/kg = 887.1kJ/kg 


7-51 Refrigerant- 134a is expanded in a closed system during which the entropy remains constant. The heat transfer and the 
work production are to be determined. 


Analysis The initial state is superheated vapor and thus 

R = 800 kPa ] u x = 263.87 kJ/kg 
1 1 (Table A - 13) 

T x = 50°C s x = 0.9803 kJ/kg • K 


The entropy is constant during the process. The properties at the exit state are 


P 2 = 140 kPa 

s 2 =s x = 0.9803 kJ/kg -K 


u 2 =227.77 kJ/kg (TableA-13) 



Since the process is isentropic, and thus the heat transfer is zero. 

Q = OkJ 


To determine the work done, we take the contents of the cylinder as the system. This is a closed system since no mass enters 
or leaves. The energy balance for this stationary closed system can be expressed as 

F - F = A F 

^in ^out system 

' V ' V V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

- W ou} = AU = m(u 2 -u x ) (since Q = KE = PE = 0) 

Substituting, 

Vk ou/ =m(u x - w 2 ) = (0.7kg)(263.87 - 227.77)kJ/kg = 25.3kJ 
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7-52 Water vapor is expanded adiabatically in a piston-cylinder device. The entropy change is to be determined and it is to 
be discussed if this process is realistic. 

Analysis (a) The properties at the initial state are 

P, = 600 kPa ] u x = 2566.8 kJ/kg 
1 1 (Table A -5) 

x x =l s x = 6.7593 kJ/kg • K 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this stationary closed system can be expressed as 


^in ^out 


'system 


Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

- W out = A U = m(u 2 -U\ ) (since Q = KE = PE = 0) 
Solving for the final state internal energy, 

u 2 = u x + = 2566.8 kJ/kg + 7 ° 0kJ = 2216.8 kJ/kg 

m 2 kg 


The entropy at the final state is (from Table A-5) 



P 2 =100 kPa 
u 2 =2216.8 kJ/kg 


_u 2 -u f _ 2216.8-417.40 
Xz ~ u fg - 2088.2 


0.8617 


s 2 =s f +xs fg = 1.3028 + 0.8617x6.0562 = 6.52 15 kJ/kg K 


The entropy change is 

A.S 1 = ^2 -s x = 6.5215 -6.7593 = -0.238kJ/kg K 


(b) The process is not realistic since entropy cannot decrease during an adiabatic process. In the limiting case of a reversible 
(and adiabatic) process, the entropy would remain constant. 
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7-53 Steam enters a nozzle at a specified state and leaves at a specified pressure. The process is to be sketched on the T-s 
diagram and the maximum outlet velocity is to be determined. 


Analysis (b) The inlet state properties are 


P x = 6000 kPa 
x x =l 


h x = 2784.6 kJ/kg 
s x =5.8902 kJ/kg -K 


(Table A -5) 


For the maximum velocity at the exit, the entropy will be constant 
during the process. The exit state enthalpy is (Table A-6) 


Sn - s 


P 2 = 1200 kP a 


s 2 = s x =5.8902 kJ/kg K 


x 2 = 


f 


fs 


5.8902-2.2159 

4.3058 


= 0.8533 



h 2 = h f +xh fs = 798.33 + 0.8533 x 1985.4 = 2492.5 kJ/kg 


fg 


We take the nozzle as the system, which is a control volume since mass crosses the boundary. Noting that one fluid stream 
enters and leaves the nozzle, the energy balance for this steady-flow system can be expressed in the rate form as 


^in ^out 


= A E 


<P0 (steady) 


system 


= 0 


Rate of net energy trmsfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 


^in — ^out 


m 


' vp 

ht H 

1 r\ 


= m 


\ vp 

ho H 


h\ ~ h 2 = 


( Vi -Vp 


(since W = Q = Ape = 0) 


Solving for the exit velocity and substituting, 


h\ ~ h 2 


( vl -Vp 


V, =1 Vf +2 (A, -h 2 ) 

= 764.3m/s 


0.5 


(0 m/s) 2 + 2(2784.6 - 2492.5) kJ/kg 


^1000 m 2 /s 2 N 
1 kJ/kg 


-i0.5 
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7-54 Heat is added to a pressure cooker that is maintained at a specified pressure. The minimum entropy change of the 
thermal-energy reservoir supplying this heat is to be determined. 

Assumptions 1 Only water vapor escapes through the pressure relief valve. 

Analysis According to the conservation of mass principle, 

dm. 


cv 


dt 

dm 


— m - tii 


dt 


in 


= —m 


out 


out 


An entropy balance adapted to this system becomes 


dS. 


surr 


d(ms) 


dt 


dt 


m out s > 0 


When this is combined with the mass balance, it becomes 

dS ma d{rns) dm 

H .V > 0 

dt dt dt 


Multiplying by dt and integrating the result yields 
A ^'suir+" ! 2^2 -m 1 s l ~s out (m 2 -m x )> 0 

The properties at the initial and final states are (from Table A-5 at Pi = 175 kPa and P 2 = 150 kPa) 

i/j =</ / +xv fg = 0.001057 + (0.10)(1. 0037 -0.001057) = 0.1013 m 3 /kg 
.v, = s f +xs fg =1.4850 + (0.10X5.6865) = 2.0537 kJ/kg-K 
v 2 = v f + XV h = 0.001053 + (0.40)(1. 1594 -0.001053)= 0.4644 m 3 /kg 
s 2 =s f +xs fg = 1.4337 + (0.40 )(5 .7894) =3.7494 kJ/kg-K 

The initial and final masses are 


1 / 


m { = — 


0.020 m 3 
0.01013 m 3 /kg 


0.1974 kg 


V 


0.020 m 


m 2 = 


= 0.04307 


^2 0.4644 m /kg 

The entropy of escaping water vapor is 


^out - s q @ 1 5 ok Pa ~ 7.223 1 kJ/kg • K 


kg 


Substituting, 

A5 suit + m 2 s 2 -m x s x - s out (m 2 -m x )> 0 
A5 SU1T + (0.04307X3.7494) - (0.1974)(2.0537) - (7.223 1)(0.04307 - 0.1974) > 0 

A S sun + 0.8708 > 0 

The entropy change of the thermal energy reservoir must then satisfy 

AS sulT > -0.8708kJ/K 
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7-55 Heat is added to a pressure cooker that is maintained at a specified pressure. Work is also done on water. The minimum 
entropy change of the thermal-energy reservoir supplying this heat is to be determined. 

Assumptions 1 Only water vapor escapes through the pressure relief valve. 

Analysis According to the conservation of mass principle, 

dm. 


cv 

dt 

dm 

dt 


— m - tii 


in 


= —m 


out 


out 


An entropy balance adapted to this 


dS. 


surr 


dt 


d(ms) 

dt 


m out s > 


system becomes 
0 


When this is combined with the mass balance, it becomes 

dS ma d{rns) dm 

H .V > 0 

dt dt dt 


Multiplying by dt and integrating the result yields 

AS sun + m 2 s 2 —m 1 s l ~s oat (m 2 -m{)> 0 

Note that work done on the water has no effect on this entropy balance since work transfer does not involve any entropy 
transfer. The properties at the initial and final states are (from Table A-5 at P\ = 175 kPa and P 2 = 150 kPa) 

v x =v f + xv fg = 0.001057 + (0.10)(1.0037 - 0.001057) = 0.1013 m 3 /kg 
,y, = s f +xs fg =1.4850 + (0.10X5.6865) = 2.0537 kJ/kg-K 
v 2 = v f + XV fg =0.001053 + (0.40X1.1594 -0.001053)= 0.4644 m 3 /kg 
s 2 = s f +xs fg =1.4337 + (0.40X5.7894) =3.7494 kJ/kg-K 

The initial and final masses are 


1 / 

m x = — = 


0.020 m 


0.01013 m /kg 


= 0.1974 kg 


V 


0.020 m 


m 2 = 


v 2 0.4644 m /kg 
The entropy of escaping water vapor is 


= 0.04307 kg 


^out ~ s g@i 5 ok Pa - 7.223 1 kJ/kg • K 


Substituting, 

AS ,un + m 2 s 2 - m l s \ - s out( m 2 ~ m \) ^ 0 

A5 sun . + (0.04307X3.7494) - (0.1974)(2.0537) - (7.2231X0.04307 - 0.1974) > 0 

AA surr + 0.8708 > 0 

The entropy change of the thermal energy reservoir must then satisfy 

AS sulT > -0.8708kJ/K 
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7-56 A cylinder is initially filled with saturated water vapor mixture at a specified temperature. Steam undergoes a reversible 
heat addition and an isentropic process. The processes are to be sketched and heat transfer for the first process and work 
done during the second process are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The thermal energy stored in the cylinder itself is 
negligible. 3 Both processes are reversible. 


Analysis (b) From the steam tables (Tables A-4 through A-6), 


T x = 100°C 
x = 0.5 


h \ 


= h f + xh fg = 419.17 + (0.5)(2256.4) = 1547.4 kJ/kg 


t 2 = 100°C 

x 2 =1 


h 2 = h 8 
u 2 =u g 


= 2675.6 kJ/kg 

= 2506.0 kJ/kg 
7.3542 kJ/kg- K 


P 3 = 15 kPa 

^3 = ^2 


\u 3 = 2247.9 kJ/kg 



Q 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this closed system can be expressed as 

fin ~ £out — ^^system 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Oin -Wb.out = A U = m(u 2 - Mj) 


For process 1-2, it reduces to 

2i2jn = m{h 2 —h x ) = (5 kg)(2675.6 - 1547.4)kJ/kg = 5641kJ 

(c) For process 2-3, it reduces to 

W 23 ,b,out = m(u 2 -u 3 ) = ( 5 kg)(2506.0 - 2247.9)kJ/kg = 1 291kJ 
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7-57E An insulated rigid can initially contains R-134a at a specified state. A crack develops, and refrigerant escapes slowly. 
The final mass in the can is to be determined when the pressure inside drops to a specified value. 


Assumptions 1 The can is well-insulated and thus heat transfer is negligible. 2 The refrigerant that remains in the can 
underwent a reversible adiabatic process. 


Analysis Noting that for a reversible adiabatic (i.e., isentropic) process, s x = s 2 , the 
properties of the refrigerant in the can are (Tables A-l IE through A-13E) 

P, = 90 psia 1 

= s f(anno F = 0.04750 Btu/lbm- R 
r, = 30°F j 1 /@30F 


P 2 = 20 psia 


S 2 ~ s l 


s 2 -s f 0.04750 - 0.02603 . , A ^ c 

= = = 0.1075 


fg 


0.1997 



i/ 2 =v f +X 2 v f> , = 0.01 181 +(0.1075X2.2781 -0.01181) = 0.2555 ft 3 /lbm 


Thus the final mass of the refrigerant in the can is 


1 / 


m = 


^2 


0.55 a 3 

0.2555 ft 3 /lbm 


2.151bm 
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7-58E An electric windshield defroster used to remove ice is considered. The electrical energy required and the minimum 
temperature of the defroster are to be determined. 

Assumptions No no heat is transferred from the defroster or ice to the surroundings. 

Analysis The conservation of mass principle is 

d m cv V • 

= > m 

dt “ 

in out 



which reduces to 
dm. 


cv 


dt 


= —m 


out 


while the the first law reduces to 

d(mu) 


-W = 

ry out 


cv 


dt 


“I" ^out^out 


Combining these two expressions yield 

dm rv d(mu) 


W -h 

Ky out n out 


cv 


dt dt 

When this is multiplied by dt and integrated from time when the ice layer is present until it is removed (m = 0) gives 

W out= h om (~ m i) + {nui)i 

The original mass of the ice layer is 
V tA 

m i = = 

i/ 1/ 


The work required per unit of windshield area is then 


W. 


out 


t 


That is, 


= -(11, - h 0M ) = - (ui - Uf ) = - u if = 

Aw w 


VV m =187.3 Btu/ft 


(0.25/ 12) ft 

f J — Cl jf — 

V 0.01602ft 7lbm 


(-144 Btu/lbm)= -187. 3 Btu/ft 


The second law as stated by Clasius tells us that the temperature of the defroster cannot be lower than the temperature of the 
ice being melted. Then, 


T m i„ =32°F 
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Entropy Change of Incompressible Substances 
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7-59C No, because entropy is not a conserved property. 


7-60 A hot copper block is dropped into water in an insulated tank. The final equilibrium temperature of the tank and the 
total entropy change are to be determined. 

Assumptions 1 Both the water and the copper block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The tank is well- 
insulated and thus there is no heat transfer. 

Properties The density and specific heat of water at 25°C are p - 997 kg/nr and c p = 4.18 kJ/kg.°C. The specific heat of 
copper at 27°C is c p = 0.386 kJ/kg.°C (Table A-3). 

Analysis We take the entire contents of the tank, water + copper block, as the system. This is a closed system since no mass 
crosses the system boundary during the process. The energy balance for this system can be expressed as 


^in ^out 

v, y 

v 

Net energy transfer 
by heat, work, and mass 


A F 

‘-“^system 

V 

Changein internal, kinetic, 
p o ten tial ,etc. en erg ies 


0 = AU 


or, 

AUqu + Atwater = 0 

[mc(T 2 - 7])] Cu + [mc(T 2 - 7])] water = 0 

where 



m water = pV = (997 kg/m 3 )(0. 090 m 3 ) = 89.73 kg 


Using specific heat values for copper and liquid water at room temperature and substituting, 
(50 kg)(0.386 kJ/kg • °C)(r 2 - 140)°C + (89.73 kg)(4. 18 kJ/kg • °C)(r 2 - 10)°C = 0 


73 = 16.4°C = 289.4 K 


The entropy generated during this process is determined from 


AS cop per WICavg ^ 


r T \ 

1 2 


v r i y 


= (50kgX0.386 kJ/kg -K) In 


289.4 K 
413 K 


A 


= -6.864 kJ/K 


water = mC wg lnl 


( r T' A 

v r i y 


= (89.73 kg )(4. 18 kJ/kg • K)ln 


289.4 K 
283 K 




= 8.388 kJ/K 


Thus, 

AS total =AS copper + A S water = -6.864 + 8.388 = 1 .52 kJ/K 
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7-61 Computer chips are cooled by placing them in saturated liquid R-134a. The entropy changes of the chips, R-134a, and 
the entire system are to be determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved. 3 There is no heat transfer between the system and the surroundings. 

Analysis (a) The energy balance for this system can be expressed as 

^in — ^out — A ^system 

" v ' . ' ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 = A U = [m(u 2 -Mi)] ehips + \m{u 2 -Wi)] R _ 134a 
W U \ - M 2)Lhips =[«(«2 - M l)] R -134a 
The heat released by the chips is 

e chips = mc{T x -r 2 ) = (0.010kg)(0.3kJ/kg-K)[20-(-40)]K = 0.18kJ 


The mass of the refrigerant vaporized during this heat exchange process is 


2R-134a 2R-134a 

m g,2 = ^ = 

U g U f U fg@-4(PC 


Q.18kJ 

207.40kJ/kg 


0.0008679 kg 


Only a small fraction of R-134a is vaporized during the process. Therefore, the temperature of R-134a remains constant 
during the process. The change in the entropy of the R-134a is (at -40°F from Table A-l 1) 

AA R-134a “ m g ,2 s g ,2 +m f,2 s f,2 

= (0.0008679X0.96866) + (0.005 - 0.0008679)(0) - (0.005)(0) 

= 0.000841kJ/K 


(b) The entropy change of the chips is 


A S C hips =mcln 


r, 


(0.010 kg)(0.3kJ/kg-K)ln 


(-40 + 273)K 
(20 + 273)K 


-0.000687kJ/K 


(c) The total entropy change is 

AS total = Sgen = AA R-134a + AA chips = 0.000841- + (-0.000687) = 0.0001 54kJ/K 
The positive result for the total entropy change (i.e., entropy generation) indicates that this process is possible. 
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7-62 A hot iron block is dropped into water in an insulated tank. The total entropy change during this process is to be 
determined. 


7-35 


Assumptions 1 Both the water and the iron block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The tank is well- 
insulated and thus there is no heat transfer. 4 The water that evaporates, condenses back. 

Properties The specific heat of water at 25°C is c p = 4.18 kJ/kg.°C. The specific heat of iron at room temperature is c p = 
0.45 kJ/k g.°C (Table A-3). 

Analysis We take the entire contents of the tank, water + iron block, as the system. This is a closed system since no mass 
crosses the system boundary during the process. The energy balance for this system can be expressed as 


^in ^out 

s. J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

'-^system 

V 

Changein internal, kinetic, 
p o ten tial ,etc. en erg ies 


0 = A U 


or, 


A^iron +AU water “ 0 
\mc(T 2 — 71)] ilon +[mc(T 2 -7i)] water = 0 



Substituting, 


(25 kg )( 0.45 kJ/kg • K ){T 2 - 350° C) + (100 kg)(4. 18 kJ/kg • K ){T 2 - 18° C) = 0 


T 2 = 26.7°C 


The entropy generated during this process is determined from 


A5 iron = mc avg In 


C rj, \ 
£2 

\ T \ j 


= (25 kg)(0.45 kJ/kg • K)ln 


299.7 K 


\ 


623 K 


= -8.232 kJ/K 


^ water mc av g 


r T \ 
zl 

V 7 ! y 


= (l00kgX4. 18 kJ/kg -K)ln 


299.7 K 
291 K 


A 


= 12.314kJ/K 


Thus, 

^gen = AS total = AS iron + AS water = -8.232 + 12.3 14 = 4.08 kJ/K 
Discussion The results can be improved somewhat by using specific heats at average temperature. 
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7-63 An aluminum block is brought into contact with an iron block in an insulated enclosure. The final equilibrium 
temperature and the total entropy change for this process are to be determined. 

Assumptions 1 Both the aluminum and the iron block are incompressible substances with constant specific heats. 2 The 
system is stationary and thus the kinetic and potential energies are negligible. 3 The system is well-insulated and thus there is 
no heat transfer. 


Properties The specific heat of aluminum at the anticipated average temperature of 400 K is c p = 0.949 kJ/kg.°C. The 
specific heat of iron at room temperature (the only value available in the tables) is c p = 0.45 kJ/kg.°C (Table A-3). 

Analysis We take the iron+ aluminum blocks as the system, which is a closed system. The energy balance for this system can 
be expressed as 


£in -^out ^^system 

V v ' . ' 


' ' V ; 

Net energy traisfer Changein internal, kinetic, 



by heat, work, and mass potential, etc. energies 

Iron 

Aluminum 

< 

II 

O 

40 kg 

30 kg 


60°C 

140°C 

or, 







A£/ alum + A£7 iion 

\mc(T 2 - 7])] a | um + [ mc(T 2 - 7’ 1 )] iron = 0 


Substituting, 

(30 kg)(0.949 kJ/kg • K ){T 2 - 140°C) + (40 kg)(0.45 kJ/kg • K ){T 2 - 60°C) = 0 

To =109°C = 382 K 


The total entropy change for this process is determined from 


AShon =mC avg ln 


f T \ 

1 2 

v 7 ! y 


= (40 kg X0. 45 kJ/kg -K) In! 


382 K 


\ 


333 K 


= 2.472 kJ/K 


AS alum = mC avg ln 


( T \ 

1 2 

v T u 


= (30 kg X0. 949 kJ/kg • K) ln 


^382 K'' 


413 K 


= -2.221 kJ/K 


Thus, 


AS total = A5 iron + AS'. 1 _ = 2.472 - 2.221 = 0.251 kJ/K 


alum 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 




7-37 



7-64 Problem 7-63 is reconsidered. The effect of the mass of the iron block on the final equilibrium temperature and 

the total entropy change for the process is to be studied. The mass of the iron is to vary from 10 to 100 kg. The equilibrium 
temperature and the total entropy change are to be plotted as a function of iron mass. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

T_1 iron = 60 [C] 

“mjron = 40 [kg]” 

T_1_al = 140 [C] 
m_al = 30 [kg] 

C_al = 0.949 [kJ/kg-K] "FromTable A-3 at the anticipated average temperature of 450 K." 

CJron= 0.45 [kJ/kg-K] "FromTable A-3 at room temperature, the only value available." 

"Analysis: " 

" Treat the iron plus aluminum as a closed system, with no heat transfer in, no work out, neglect changes in KE 
and PE of the system. " 

"The final temperature is found from the energy balance." 

EJn - E_out = DELTAE_sys 
Eout = 0 
EJn = 0 

DELTAE_sys = mJron*DELTAuJron + m_al*DELTAu_al 
DELTAuJron = CJron*(T_2Jron - T_1 Jron) 

DELTAu_al = C_al*(T_2_al - T_1_al) 

"the iron and aluminum reach thermal equilibrium:" 

T_2 iron = T_2 
T_2_al = T_2 

DELTASJron = mJron*CJron*ln((T_2Jron+273) / (T_1 Jron+273)) 

DELTAS_al = m_al*C_al*ln((T_2_al+273) / (T_1_al+273)) 

DELTAS total = DELTAS iron + DELTAS al 


AStotai kJ/kg] 

m ir0 n [kg] 

T 2 [C] 

0.08547 

10 

129.1 

0.1525 

20 

120.8 

0.2066 

30 

114.3 

0.2511 

40 

109 

0.2883 

50 

104.7 

0.32 

60 

101.1 

0.3472 

70 

97.98 

0.3709 

80 

95.33 

0.3916 

90 

93.02 

0.41 

100 

91 




10 20 30 40 50 60 70 80 90 100 

m ir0 n [kg] 


10 20 30 40 50 60 70 80 90 100 

m ir0 n [kg] 
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7-65 An iron block and a copper block are dropped into a large lake. The total amount of entropy change when both blocks 
cool to the lake temperature is to be determined. 

Assumptions 1 The water, the iron block and the copper block are incompressible substances with constant specific heats at 
room temperature. 2 Kinetic and potential energies are negligible. 

Properties The specific heats of iron and copper at room temperature are c iron = 0.45 kJ/kg.°C and c copP er = 0.386 kJ/kg.°C 
(Table A-3). 

Analysis The thermal-energy capacity of the lake is very large, and thus the temperatures of both the iron and the copper 
blocks will drop to the lake temperature (15°C) when the thermal equilibrium is established. Then the entropy changes of 
the blocks become 


ASiron = »!C avg In 


( t \ 

il 

v 7 ! y 


= (30kg)(0.45kJ/kg-K)ln 


288 K 


\ 


^ copper mc zvg 


f rj, \ 

1 2 

\ T \ J 


= (40 kg)(0.386 kJ/kg • K)ln 


353 K 
288 K 


v— ' — J 
r 


= -2.746 kJ/K 

\ 


353 K 


= -3.141 kJ/K 


We take both the iron and the copper blocks, as the system. This is a 
closed system since no mass crosses the system boundary during the 
process. The energy balance for this system can be expressed as 

^in ^out — z -*- c 'system 

Net energy traisfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

— 2out — ~ ^^iron ^^copper 


or, 


Gout = [wc(7i -r 2 )] iron +[mc{T x -r 2 )] copper 



Substituting, 

Q oui = (30 kg)(0.45 kJ/kg • K)(353 - 288)K + (40 kgXo.386 kJ/kg • KX353 - 288)K 
= 1881 kJ 


Thus, 


A^lake - 


2lake4n 1881 kJ 


T, 


lake 


288 K 


= 6.528 kJ/K 


Then the total entropy change for this process is 

AA total = A5 iron + A£ copper + AS lake = (-2.746) + (-3.141) + 6.528 = 0. 642 kJ/K 
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7-66 An adiabatic pump is used to compress saturated liquid water in a reversible manner. The work input is to be 
determined by different approaches. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Heat transfer to or 
from the fluid is negligible. 

Analysis The properties of water at the inlet and exit of the pump are (Tables A-4 through A-6) 

h x = 191.81 kJ/kg 
s x = 0.6492 kJ/kg 


P x = 10 kPa 


x x = 0 


P 2 =15 MPa 


v x = 0.001010 m 3 /kg 


S o — S i 


1 


15 MPa 

rl 

10 kPa ( Pum P 


h 2 = 206.90 kJ/kg 
v 2 = 0.001004 m 3 /kg 

(a) Using the entropy data from the compressed liquid water table 

w P =h 2 -h x =206.90 -191.81 = 1 5-1 0kJ/kg 

( b ) Using inlet specific volume and pressure values 

Wp = </, (P 2 -P x ) = (0.001010 m 3 /kg)(15,000 - 10)kPa = 1 5.1 4kJ/kg 
Error = 0 . 3 % 

(c) Using average specific volume and pressure values 

Wp = «/ avg (P 2 - P x ) = [l/ 2(0.001010 + 0.001004) m 3 /kgj(15,000- 10)kPa = 1 5.1 0kJ/kg 

Error = 0 % 

Discussion The results show that any of the method may be used to calculate reversible pump work. 


Entropy Changes of Ideal Gases 

7-67C No. The entropy of an ideal gas depends on the pressure as well as the temperature. 

7-68C The entropy of a gas can change during an isothermal process since entropy of an ideal gas depends on the pressure 
as well as the temperature. 

7-69C The entropy change relations of an ideal gas simplify to 
As = c p ln(T 2 /T x ) for a constant pressure process 
and As = c v \n(T 2 /T x ) for a constant volume process. 

Noting that c p > c„ the entropy change will be larger for a constant pressure process. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



7-40 


7-70 For ideal gases, c p = c v + R and 

p±_ i = M 3 = M 

T 2 T x l/, 1\!\ 


Thus, 


^2 _ 


In 


= c v In 


= In 


= In 


r T \ 

il 

3 s \ 

ll 

v r iy 

3 A 

h. 

k t u 
r T \ 
h. 

\T XJ 


+ R In 


+ R In 


+ R In 






V "1 j 

'm' 

K T \ P 2J 
f T \ 

I 2 


-R In 


v r i y 

^ p ^ 

£2 

v p i y 


-flln 


( p \ 

l 2 

UJ 


7-71 For an ideal gas, dh = c p dT and (/= RT/P. From the second Tds relation, 


dh vdP c„dP rt dP 


--- p 1\1 U1 dT dP 

ds = = -c n a — 

p p p P T " p p 


Integrating, 


•*2 -®1 = c ,> ln 


3 A 

1 2 

v r i y 


-/? In 


^ P ^ 

r 2 

\ p i j 


Since c„ is assumed to be constant. 
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7-72 The entropy changes of helium and nitrogen is to be compared for the same initial and final states. 

Assumptions Helium and nitrogen are ideal gases with constant specific heats. 

Properties The properties of helium are c p = 5.1926 kJ/kg-K, R = 2.0769 kJ/kg-K (Table A-2a). The specific heat of nitrogen 
at the average temperature of (427+27)/2=227°C=500 K is c p = 1.056 kJ/kg-K (Table A-2b). The gas constant of nitrogen is 
R = 0.2968 kJ/kg-K (Table A-2a). 

Analysis From the entropy change relation of an ideal gas, 


T 

As He =C P In — -Rln 


r, 


p. 


= (5. 1926 kJ/kg • K)ln 


(27 + 273)K 
(427 + 273)K 


= 0.3826kJ/kg K 


(2.0769 kJ/kg -K)ln 


200 kPa 
2000 kPa 


As N2 


= c D \n--R\n — 
' Ty P X 


= (1.056 kJ/kg -K)ln 


(27 + 273)K 
(427 + 273)K 


(0.2968 kJ/kg -K)ln 


200 kPa 
2000 kPa 


= -0.211 3k J/kg K 


Hence, helium undergoes the largest change in entropy. 


7-73 The entropy difference between the two states of air is to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The specific heat of air at the average temperature of (500+50)/2=275°C = 548 K = 550 K is c p = 1.040 kJ/kg-K 
(Table A-2b). The gas constant of air is R = 0.287 kJ/kg-K (Table A-2a). 

Analysis From the entropy change relation of an ideal gas, 


T P 

As - = c , In — - R In — 


air 


r, 


p 


= (1. 040 kJ/kg -K)ln 


(50 + 273)K 
(500 + 273)K 


= -0.0478kJ/kg K 


(0.287 kJ/kg -K)ln 


100 kPa 
2000 kPa 
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7-74E The entropy difference between the two states of air is to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The specific heat of air at the average temperature of (90+210)/2=150°F is c p = 0.241 Btu/lbm-R (Table A-2Eb). 
The gas constant of air is R = 0.06855 Btu/lbm-R (Table A-2Ea). 

Analysis From the entropy change relation of an ideal gas, 

T P 

A Si = c In — - R In — 

a ,r P ^ ^ 

= (0.241 Btu/lbm- R)ln (2I0 + 460)R _ (q. 06855 Btu/lbm- R)ln 4 ° pSla 

(90 + 460 )R 15 psia 

= -0.01 973Btu/lbm R 


7-75 Oxygen gas is compressed from a specified initial state to a specified final state. The entropy change of oxygen during 
this process is to be determined for the case of constant specific heats. 

Assumptions At specified conditions, oxygen can be treated as an ideal gas. 

Properties The gas constant and molar mass of oxygen are R = 0.2598 kJ/kg.K and M =32 kg/kmol (Table A-l). 

Analysis The constant volume specific heat of oxygen at the average temperature is (Table A-2) 


7 avg = 298 + 560 = 429 K > Cl/ , avg = 0.690 kJ/kg • K 


Thus, 


^2 ^1 “ 


In— + Rln— 
t/,dVg T x V x 


= (0.690 kJ/kg • K)ln^T + (o.2598 kJ/kg • K)ln ()J 1T1 ^ /kg 

298 K 0.8 m /kg 

= -0.105 kJ/kg K 
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7-76 An insulated tank contains C0 2 gas at a specified pressure and volume. A paddle-wheel in the tank stirs the gas, and 
the pressure and temperature of C0 2 rises. The entropy change of C0 2 during this process is to be determined using constant 
specific heats. 

Assumptions At specified conditions, C0 2 can be treated as an ideal gas with constant specific heats at room temperature. 
Properties The specific heat of C0 2 is c v = 0.657 kJ/kg.K (Table A-2). 


Analysis Using the ideal gas relation, the entropy change is determined to be 

P^_^Py ) T 2 _P 2 _ 150kPa _ 15 

T 2 T x 7j P x 100 kPa 


Thus, 


AS = m(s 2 - s x ) = 


m 


T (/ 

^,avgln-f + ^ln-y 

1 x In 




1 


J 


, T 2 

= mc vm gin— 
l \ 


= (2.7 kg)(0.657 kJ/kg- K)ln(l.5) 



= 0.719 kJ/K 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 




7-44 


7-77 An insulated cylinder initially contains air at a specified state. A resistance heater inside the cylinder is turned on, and 
air is heated for 15 min at constant pressure. The entropy change of air during this process is to be determined for the cases 
of constant and variable specific heats. 

Assumptions At specified conditions, air can be treated as an ideal gas. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Analysis The mass of the air and the electrical work done during this process are 

PM (l20 kPa)(o.3 m 3 ) 

m = — — - = -f -p = 0.4325 kg 

RT X (0.287 kPa • m 3 /kg • Kj(290 KJ 
VT e in = W e [n At = (0.2 kJ/sXl5 x 60 s) = 180 kJ 

The energy balance for this stationary closed system can be expressed as 

^in — ^out — ^^system 

' V ' r V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 

W e ,in - W b , out = A U >W e , ln = m(h 2 - hO = c p (T 2 - 7i) 

since A U + W h = AH during a constant pressure quasi-equilibrium process. 

(a) Using a constant c p value at the anticipated average temperature of 450 K, the final temperature becomes 
Thus, 



=r,+^- = 290 k + 7 

mc p (0.4325 kg Xl. 02 kJ/kg-K) 


= 698 K 


Then the entropy change becomes 
A.S’ sys = m(s 2 - ) = 

= (0.4325 kgXl.020 kJ/kg • K)ln 


m 


r j p # 

c v^Y~ R ^~P 


1 

698 K 
290 K 


1 T 2 

= mc p, avgln— 


= 0.387 kJ/K 


( b ) Assuming variable specific heats, 


W e in = m(h 2 - \ ) > h 2 = h x + = 290. 16 kJ/kg + = 7 06.34 kJ/kg 


m 


0.4325 kg 


From the air table (Table A- 17, we read ^ = 2.5628 kJ/kg-K corresponding to this h 2 value. Then, 


A S s = ml 


s 2 ~ s x +R In 


h 

P 


<P0 


= m\s° 2 - s[ )= (0.4325 kg)(2.5628- 1 . 66802)kJ/kg • K = 0.387 kJ/K 
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7-78 A cylinder contains N 2 gas at a specified pressure and temperature. The gas is compressed poly tropically until the 
volume is reduced by half. The entropy change of nitrogen during this process is to be determined. 


7-45 


Assumptions 1 At specified conditions, N 2 can be treated as an ideal gas. 2 Nitrogen has constant specific heats at room 
temperature. 

Properties The gas constant of nitrogen is R = 0.2968 kJ/kg.K (Table A-l). The constant volume specific heat of nitrogen at 
room temperature is c v = 0.743 kJ/kg.K (Table A-2). 


Analysis 


Then the 


From the polytropic relation, 


h 

T, 


' «/, N "- 1 


\ V 2J 


^ 2 =7i 


V v '-' 


\"2J 


entropy change of nitrogen becomes 


AS Ni = m 


c 


i/,avg 


In — + 7? In — 

r, 


i j 

= (0.75 kgjl (0.743 kJ/kg • K)ln 


= -0.0384kJ/K 


= (310 K^) 1 ' 3-1 =381.7 K 


381 7 K 

+ (0.2968 kJ/kg • K)ln(0.5) 

310 K v & / v / 


y 

N 2 

PC / 1 3 = c 
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7-79 



Problem 7-78 is reconsidered. The effect of varying the polytropic exponent from 1 to 1.4 on the entropy 


change of the nitrogen is to be investigated, and the processes are to be shown on a common P-v diagram. 
Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Given" 
m=0.75 [kg] 

P1=140 [kPa] 

T1 =(37+273) [K] 
n=1 .3 

RatioV=0.5 "RatioV=V2/V1" 

"Properties" 
c_v=0.743 [kJ/kg-K] 

R=0.297 [kJ/kg-K] 

"Analysis" 

T2=T 1 *(1/RatioV) A (n-1 ) "from polytropic relation" 
DELTAS=m*(c_v*ln(T2/T 1 )+R*ln(RatioV)) 
P1*V1=m*R*T1 



n 

AS 

[kJ/kg] 

i 

-0.1544 

1.05 

-0.1351 

1.1 

-0.1158 

1.15 

-0.09646 

1.2 

-0.07715 

1.25 

-0.05783 

1.3 

-0.03852 

1.35 

-0.01921 

1.4 

0.000104 



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 


V [m 3 /kg] 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


7-47 


7-80 Air is compressed steadily by a 5-kW compressor from one specified state to another specified state. The rate of 
entropy change of air is to be determined. 

Assumptions At specified conditions, air can be treated as an ideal gas. 2 Air has variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 


Analysis From the air table (Table A- 17) 


T x = 290 K 
P x = 100 kPa 


\s i = 1.66802 kJ/kg-K 


T 2 = 440 K 
P 2 = 600 kPa 


k*2 =2.0887 kJ/kg-K 


Then the rate of entropy change of air becomes 


AS sys = m 


s 2 -s{-R\n 


Pi 


R 


i J 


= (1.6/60 kg/s|2.0887 - 1.66802- (0.287 kJ/kg • K)ln 

= -0.00250 kW/K 


^600 kPaY 
100 kPa 


P 2 = 600 kPa 
T 2 = 440 K 



T x = 290 K 
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7-81 Air is accelerated in an nozzle, and some heat is lost in the process. The exit temperature of air and the total entropy 
change during the process are to be determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The nozzle operates steadily. 

Analysis (a) Assuming variable specific heats, the inlet properties are determined to be, 


7] = 350 K 


h x = 350.49 kJ /kg 
s° x = 1.85708 /kJ /kg- K 


(Table A- 17) 


We take the nozzle as the system, which is a control volume. The energy balance for this steady-flow system can be 
expressed in the rate form as 


-^in ^out 


A F 

'-“^system 


<p0 (steady) 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^ in — ^ out 

m(h\ + V{-/2) = m(h 2 + V 2 2 /2) + g out 


0 = tfout + >h ~ h \ + 


V^-Vj 2 


3.2 kJ/s 



AIR 


Therefore, 


k, = „ - - V ±^L = 350.49 - 3.2 - < 320 ^ ~ < 5 ° ^ { 1 alk f , 

2 2 1^1000 m 2 /s 2 

= 297.34 kJ/kg 


At this h 2 value we read, from Table A- 17, T 2 = 297.2 K, s° 2 = 1 .6924 kJ / kg • K 

( b ) The total entropy change is the sum of the entropy changes of the air and of the surroundings, and is determined from 


where 


^ total ^air ^surr 


P 85 kPa 

As air = s° 2 - s° x - Rln-^- = 1.6924- 1.85708- (0.287 kJ/kg • K)ln = 0. 1775 kJ/kg • K 

P, V S ; 280 kPa S 


Thus, 


As = = 3 ' 2kJ/kg = 0.0109 kJ/kg • K 

T,„„ 293 K 


t otai = 0.1775 + 0.0109 = 0.1884 kJ/kg K 
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7-82 Problem 7-81 is reconsidered. The effect of varying the surrounding medium temperature from 10°C to 40°C on 

the exit temperature and the total entropy change for this process is to be studied, and the results are to be plotted. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Function HCal(WorkFluid$, Tx, Px) 

"Function to calculate the enthalpy of an ideal gas or real gas" 

If ’Air' = WorkFluid$ then 

HCal:=ENTHALPY('Air\T=Tx) "Ideal gas equ." 
else 

HCal:=ENTHALPY(WorkFluid$,T=Tx, P=Px)"Real gas equ." 
endif 
end HCal 

"System: control volume for the nozzle" 

"Property relation: Air is an ideal gas" 

"Process: Steady state, steady flow, adiabatic, no work" 

"Knowns - obtain from the input diagram" 

WorkFluid$ = 'Air' 

T[1] = 77 [C] 

P[1] = 280 [kPa] 

Vel[1] = 50 [m/s] 

P[2] = 85 [kPa] 

Vel[2] = 320 [m/s] 
q_out = 3.2 [kJ/kg] 

"T_surr = 20 [C]" 

"Property Data - since the Enthalpy function has different parameters 
for ideal gas and real fluids, a function was used to determine h." 
h[1 ]=HCal(WorkFluid$,T[1 ],P[1 ]) 
h[2]=HCal(WorkFluid$,T[2],P[2]) 

"The Volume function has the same form for an ideal gas as for a real fluid." 

v[1]=volume(workFluid$,T=T[1],p=P[1]) 

v[2]=volume(WorkFluid$,T=T[2],p=P[2]) 

"If we knew the inlet or exit area, we could calculate the mass flow rate. Since we don't know these areas, we 
write the conservation of energy per unit mass." 

"Conservation of mass: m_dot[1]= m_dot[2]" 

"Conservation of Energy - SSSF energy balance for neglecting the change in potential energy, no work, but heat 
transfer out is:" 

h[1 ]+Vel[1 ] A 2/2*Convert(m A 2/s A 2, kJ/kg) = h[2]+Vel[2] A 2/2*Convert(m A 2/s A 2, kJ/kg)+q_out 

s[1]=entropy(workFluid$,T=T[1],p=P[1]) 

s[2]=entropy(WorkFluid$,T=T[2],p=P[2]) 

"Entropy change of the air and the surroundings are:" 

DELTAs_air = s[2] - s[1] 
q_in_surr = q_out 

DELTAs_surr = q _in_surr/(T_surr+273) 

DELTAS total = DELTAS air + DELTAS surr 
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AStotal 

[kJ/kg-K] 

Tsurr 

[C] 

t 2 

[C] 

0.189 

10 

24.22 

0.1888 

15 

24.22 

0.1886 

20 

24.22 

0.1884 

25 

24.22 

0.1882 

30 

24.22 

0.188 

35 

24.22 

0.1879 

40 

24.22 



T surr [C] 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


7-51 


7-83E A fixed mass of helium undergoes a process from one specified state to another specified state. The entropy change of 
helium is to be determined for the cases of reversible and irreversible processes. 

Assumptions 1 At specified conditions, helium can be treated as an ideal gas. 2 Helium has constant specific heats at room 
temperature. 


Properties The gas constant of helium is R = 0.4961 Btu/lbm.R (Table A-1E). The 
constant volume specific heat of helium is c„ = 0.753 Btu/lbm.R (Table A-2E). 


Analysis From the ideal-gas entropy change relation, 


A S He =m 


c In 

^ i/,ave 111 


T _1 

r, 


+ R In 


t/ 


(/ 


U 


= (25 lbm) 


(0.753 Btu/lbm-R) In 


700 R 
520 R 


+ 


(0.4961 Btu/lbm-R)ln 


^10 ft 3 /lbmV 
50 ft 3 /lbm 


= -14.4Btu/R 



The entropy change will be the same for both cases. 


7-84 Air is expanded in a piston-cylinder device isothermally until a final pressure. The amount of heat transfer is to be 
determined. 


Assumptions Air is an ideal gas with constant specific heats. 

Properties The specific heat of air at the given temperature of 127°C = 400 K is c p = 1.013 kJ/kg-K (Table A-2b). The gas 
constant of air is R = 0.287 kJ/kg-K (Table A-2a). 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 



V 


Net energy transfer 
by heat, work, and mass 


A F 

system 

V 

Changein internal, kinetic, 
potential, etc. energies 


<2in - W out = A U = m(u 2 - u x (since KE = PE = 0) 
2in “ Wont = A U = m(u 2 - u x ) = 0 since T x = T x 
Qin = ^out 


The boundary work output during this isothermal process is 

W out = mRT In — = (1 kg)(0.287 kJ/kg • K)(127 + 273 K)ln 200 kPa = 79. 6 kJ 


A 


100 kPa 


Thus, 


Gin =W out =79.6kJ 
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7-85 The final temperature of nitrogen when it is compressed isentropically is to be determined. 


Assumptions Nitrogen is an ideal gas with constant specific heats. 

Properties The specific heat ratio of nitrogen at an anticipated average temperature of 450 K is k= 1.395 (Table A-2b). 


Analysis From the isentropic relation of an ideal gas under constant specific heat assumption, 


T 2 = t i 


r u \(k-D/k 
f_2 


= (27 + 273 K) 


1000 kPa 
100 kPa 


0 . 395 / 1.395 


576 K 


Discussion The average air temperature is (300+576)/2=438 K, which is sufficiently close to the assumed average 
temperature of 450 K. 


7-86 Air is expanded in an adiabatic turbine. The maximum work output is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is adiabatic, and thus there is 
no heat transfer. 3 Air is an ideal gas with constant specific heats. 

Properties The properties of air at an anticipated average temperature of 550 K are c p = 1.040 kJ/kg-K and k = 1.381 (Table 
A-2 b). 


Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the turbine as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in -^out 


A E 0 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

K = £out 
mh t = mh 2 + W out 

iy out = m(hi ~h 2 ) 

Wout = h \ ~ h 2 


For the minimum work input to the compressor, the process must be 
reversible as well as adiabatic (i.e., isentropic). This being the case, the 
exit temperature will be 


t 2 =t x 


f p \ 

-1 

\ p \ J 


= (500 + 273 K) 


200 kPa 
3500 kPa 


\ 0 . 38 1 / 1 . 38 1 


= 351 K 


J 


Substituting into the energy balance equation gives 




w out = h x - h 2 = c p (T { - T 2 ) = (1 .040 kJ/kg • K)(773 - 35 1)K = 439 k J/kg 


Discussion The average air temperature is (773+35 1)/2=562 K, which is sufficiently close to the assumed average 
temperature of 550 K. 
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7-87E Air is compressed in an isentropic compressor. The outlet temperature and the work input are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is adiabatic, and thus there is 
no heat transfer. 3 Air is an ideal gas with constant specific heats. 

Properties The properties of air at an anticipated average temperature of 400°F are c p = 0.245 Btu/lbmR and k = 1.389 
(Table A-2Eb). 

Analysis There is only one inlet and one exit, and thus m x — m 2 = m . We take the compressor as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate 
form as 




w in =h 2 -h x = c p (T 2 -T x ) = (0.245 Btu/lbm- R)(1095 - 530)R - 1 38 Btu/lbm 


Discussion The average air temperature is (530+ 1095)/2=8 1 3 K = 353 °F, which is sufficiently close to the assumed average 
temperature of 400 °F. 
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7-88 One side of a partitioned insulated rigid tank contains an ideal gas at a specified temperature and pressure while the 
other side is evacuated. The partition is removed, and the gas fills the entire tank. The total entropy change during this 
process is to be determined. 


Assumptions The gas in the tank is given to be an ideal gas, and thus ideal gas relations apply. 
Analysis Taking the entire rigid tank as the system, the energy balance can be expressed as 


77 _ 77 a 77 

Mn ^out — z - xiz 'system 

V v / V ' 

Net energy traisfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

0 = A U = m(u 2 — u x ) 

U 2 — Mj 

t 2 =E 


since u - u(T) for an ideal gas. Then the entropy change of the gas becomes 


AS = N 


c In 

^i/,avg 111 


T _i 

r, 


<?o 


+ R.. In 


Vi 

Vi 




= NR.. In 


Vi 


= (12 kmol)(8.314 kJ/kmol- K)ln(2) 


IDEAL 
GAS 
12 kmol 
50°C 


= 69.2kJ/K 

This also represents the total entropy change since the tank does not contain anything else, and there are no interactions 
with the surroundings. 


7-89 An insulated rigid tank contains argon gas at a specified pressure and temperature. A valve is opened, and argon 
escapes until the pressure drops to a specified value. The final mass in the tank is to be determined. 

Assumptions 1 At specified conditions, argon can be treated as an ideal gas. 2 The process is given to be reversible and 
adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply. 


Properties The specific heat ratio of argon is k- 1.667 (Table A-2). 
Analysis From the ideal gas isentropic relations, 

T 2 


= T, 


Ei 

kE j 


(k-l)/k 


= (303 K)f 


200 kPa 


0.6671.667 


\ 450 kPa 


= 219.0 K 


The final mass in the tank is determined from the ideal gas relation, 


P X V _ m x RT x 
P 2 V m 2 RT 2 


m 2 


P2T1 

P x T 2 


m, 


(200 kPa)(303 K) 
(450 kPa)(2l9 K) 


(4 kg) = 2.46 kg 


m 


ARGON 


4 kg 
450 kPa 
30°C 


L 
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7-90 



Problem 7-89 is reconsidered. The effect of the final pressure on the final mass in the tank is to be investigated 


as the pressure varies from 450 kPa to 150 kPa, and the results are to be plotted. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

c_p = 0.5203 [kJ/kg-K ] 
c_v = 0.3122 [kJ/kg-K] 

R=0.2081 [kPa-m A 3/kg-K] 

P_1 = 450 [kPa] 

T_1 = 30 [C] 
m_1 = 4 [kg] 

P_2= 150 [kPa] 

"Analysis: 

We assume the mass that stays in the tank undergoes an isentropic expansion process. This allows us to 
determine the final temperature of that gas at the final pressure in the tank by using the isentropic relation:" 
k = c_p/c_v 

T_2 = ((T_1 +273)*(P_2/P_1 ) A ((k-1 )/k)-273) 

V_2 = V_1 

P_1 *V_1 =m_1 *R*(T_1 +273) 

P_2*V_2=m_2*R*(T_2+273) 



P 2 [kPa] 


p 2 

[kPal 

m 2 

[kg] 

150 

2.069 

200 

2.459 

250 

2.811 

300 

3.136 

350 

3.44 

400 

3.727 

450 

4 
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7-91E Air is accelerated in an adiabatic nozzle. Disregarding irreversibilities, the exit velocity of air is to be determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The process is given to be reversible and adiabatic, and thus 
isentropic. Therefore, isentropic relations of ideal gases apply. 2 The nozzle operates steadily. 

Analysis Assuming variable specific heats, the inlet and exit properties are determined to be 


and 


P r =12.30 

r,=ioooR > 

1 h x = 240.98 Btu/lbm 



P 2 

= — P 
P ' 


= Hm ( 12. 30 )=2.46 
60 psia 


T 2 = 635.9 R 
h 2 =152. 11 Btu/lbm 



1 AIR;, 2 



We take the nozzle as the system, which is a control volume. The energy balance for this steady-flow system can be 
expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


A 


<p0 (steady) 


system 


Rate of changein internal, kinetic, 
potential, etc. energies 


= 0 





m(h x + Vf / 2) 


— h x + 


v?-v , 2 


f 

•^OUt 

m(h2 + Vf/2) 
0 


Therefore, 


y 2 = A / 2 (ii.-h^+v 2 = 

= 2119 ft/s 


i 


2(240.98-152. ll)Btu/lbm 


r 25,037 fi 2 /s 2 ^ 

1 Btii/lbm 


+ (200 4/s) : 


Alternative Solution 

The enthalpy at the nozzle exit for this isentropic process can also be determined as follows: From the air table (Table A- 
17E) 

T x = 1000 R >^° = 0.75042 Btu/lbm- R 

For the isentropic process, the entropy change is zero. Then, 

0 = /y s = s° 2 -s x - R\n(P 2 / P x ) =0 
or 

^2 = s x +R\n(P 2 l P x ) = 0.75042 Btu/lbm- R + (0.06855 Btu/lbm- R)ln(12/60) = 0.6401 Btu/lbm- R 
From Table A-17E at this value, the enthalpy is obtained as 

^2 = 0.6401 Btu/lbm- R >h 2 = 152.15 Btu/lbm 

which is practically identical to the value obtained above. 
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7-92 Air is expanded in a piston-cylinder device until a final pressure. The maximum work input is given. The mass of air in 
the device is to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at 300 K is c„ = 0.718 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


^in ^out 

V 

Net energy transfer 
b y h eat, wo rk , an d mas s 


A F 

system 

v. J 

V 

Changein internal, kinetic, 
potential, etc. energies 


- W out = A U — m(u 2 - u x ) (since Q = KE = PE = 0) 


For the minimum work input to the compressor, the process must be 
reversible as well as adiabatic (i.e., isentropic). This being the case, the 
exit temperature will be 


T 2 = T \ 


A" 

\ p \ j 


(k-i)/k 


( 


= (257 + 273 K) 


100 kPa 
400 kPa 


\ 0 . 4 / 1.4 


= 356.7 K 


J 



Substituting into the energy balance equation gives 


Wou, = m(u i -u 2 ) = mc v (7^ - T 2 ) 


->m = 


W, 


out 


c v(T\ ~T 2 ) 


lOOOkJ 

(0.718kJ/kg • K)(530 - 356.7)K 


8.04kg 


7-93 Air is compressed in a piston-cylinder device until a final pressure. The minimum work input is given. The mass of air 
in the device is to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at 300 K is c v = 0.718 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


E- m E out AE'j.yj.^j^ 

V v / . V V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 


W [n = AU = m(u 2 - u x ) (since Q = KE = PE = 0) 


For the minimum work input to the compressor, the process must be 
reversible as well as adiabatic (i.e., isentropic). This being the case, the 
exit temperature will be 


T 2 = T l 


r p \ 


\ p \ J 


= (27 + 273 K) 


600 kPa 
100 kPa 


\ 0 . 4 / 1.4 


J 


= 500.5 K 



Substituting into the energy balance equation gives 


W m = m(u 2 -u x )—mc p (T 2 - T x ) >m = 


W; 


in 


c v {T 2 -T x ) 


lOOOkJ 

(0.718 kJ/kg • KX500.5 - 300)K 


6.94kJ/kg 
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7-94 Air is compressed in a piston-cylinder device in a reversible and isothermal manner. The entropy change of air and the 
work done are to be determined. 

Assumptions 1 At specified conditions, air can be treated as an ideal gas. 2 The process is specified to be reversible. 
Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Analysis (a) Noting that the temperature remains constant, the entropy change of air is determined from 

p ^ p p 

AS - = c In— -Rln— = -Rln— 

air p,dv g rj-i n n 

1 l M M 

= -(0.287 kJ/kg • K)lnf 400 ** ) = -0.428 kj/kg ■ K 

^ 90 kPa 

Also, for a reversible isothermal process, 

q = TAs = (293 kX~ 0.428 kj/kg • K) = -125.4 kj/kg » ^ out = 125.4 kj/kg 

( b ) The work done during this process is determined from the closed system energy balance, 

^in — ^out “ ^'system 

" V ' . " V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

W in -Q onl =AU=mc v (T 2 -T l ) = 0 
Win =? ou t=125.4kJ/kg 
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7-95 Helium gas is compressed in a piston-cylinder device in a reversible and adiabatic manner. The final temperature and 
the work are to be determined for the cases of the process taking place in a piston-cylinder device and a steady-flow 
compressor. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The process is given to be reversible and adiabatic, and 
thus isentropic. Therefore, isentropic relations of ideal gases apply. 

Properties The specific heats and the specific heat ratio of helium are c„ = 3.1156 kJ/kg.K, c p = 5.1926 kJ/kg.K, and k = 
1.667 (Table A-2). 


Analysis (a) From the ideal gas isentropic relations, 


?2 = 7 | 


Pi 

\P\J 





450 kPa N 
90 kPa 


0.667/1.667 


= 576.9 K 


(a) We take the air in the cylinder as the system. The energy 
balance for this stationary closed system can be expressed as 


-^in ^out 

Vs J 

V 

Net energy transfer 
by heat, wobk, and mass 


A F 

'-^system 

V 

Changein internal, kinetic, 
potential, etc. energies 


W [n = AU = m(u 2 -u x ) = mc v (T 2 - T x ) 



Thus, 

^in = ( T i - Ti ) = (3. 1 1 56 kJ/kg • K)(576. 9 - 303)K = 853.4 kj/kg 


(b) If the process takes place in a steady-flow device, the final temperature will remain the same but the work done should be 
determined from an energy balance on this steady-flow device, 

p - p - \p ( stead y) _ q 

^in ^out ZA ^system u 

' . ' V ' 

Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Em ~ E out 
W m + mh\ = mh 2 

W in = mc p (T 2 -T x ) 


Thus, 

Win = c p (: T 2 - 7|) = (5. 1926 kj/kg • K)(576.9 - 303)K = 1422.3 kj/kg 
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7-96 Air is expanded adiabatically in a piston-cylinder device. The entropy change is to be determined and it is to be 
discussed if this process is realistic. 

Assumptions 1 Air is an ideal gas with constant specific heats. 

Properties The properties of air at 300 K are c p = 1.005 kJ/kg-K, c u = 0.718 kJ/kg-K and k = 1.4. Also, R = 0.287 kJ/kg-K 
(Table A-2 a). 

Analysis (a) We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 

^in — ^out “ ^'system 

' v ' . v V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 

- W out = A U = m(u 2 ~u x ) (since Q = KE = PE = 0) 

-W out = mc v (T 2 -T,) 


Solving for the final temperature, 


W 

W out = me v (T x - T 2 ) > T 2 = T x 2HL = (427 + 273 K) 

mc v 


600 kJ 

(5 kg)(0.7 18 kJ/kg-K) 


532.9 K 


From the entropy change relation of an ideal gas, 

T P 

As - =c n \w — -R\n — 

am p 7 , 

= (1 .005 kJ/kg • K)ln 532,9 K - (0.287 kJ/kg • K)ln 100 kPa 

700 K 600 kPa 

= 0.240kJ/kg K 

(b) Since the entropy change is positive for this adiabatic process, the process is irreversible and realistic. 
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7-97 A container filled with liquid water is placed in a room and heat transfer takes place between the container and the air 
in the room until the thermal equilibrium is established. The final temperature, the amount of heat transfer between the water 
and the air, and the entropy generation are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air is an ideal gas with constant specific heats. 3 The 
room is well-sealed and there is no heat transfer from the room to the surroundings. 4 Sea level atmospheric pressure is 
assumed. P = 101.3 kPa. 

Properties The properties of air at room temperature are R = 0.287 kPa.m/kg.K, c p = 1.005 kJ/kg.K, c v = 0.718 kJ/kg.K. 
The specific heat of water at room temperature is c w = 4.18 kJ/kg.K (Tables A-2, A-3). 

Analysis ( a ) The mass of the air in the room is 

PV (101.3 kPa)(90m 3 ) 

m = = = 111.5 kg 

RT al (0.287 kPa-m 3 /kg-K)(12 +273 K) 

An energy balance on the system that consists of the water in the container and the 
air in the room gives the final equilibrium temperature 

o = m w c w (T 2 -T wl )+m a c v (T 2 -T al ) 

0 = (45 kg)(4. 1 8 kJ/kg. K)(T 2 -95) + (l 11.5kg)(0.718kJ/kg.K)(r 2 -12)- 

(b) The heat transfer to the air is 

Q = m a c„ (T 2 -T al ) = (1 1 1.5 kg)(0. 718 kJ/kg. K)(70. 2-12) = 4660kJ 

(c) The entropy generation associated with this heat transfer process may be obtained by calculating total entropy change, 
which is the sum of the entropy changes of water and the air. 

AS W = m w c w In 5- = (45 kg)(4. 18 kJ/kg.K)ln ( ™' 2 + * K = -13.11U/K 
T w i (95+ 273) K 



>r 2 =70.2°C 


p m a RT 2 (1 11.5 kg)(0.287 kPa • m^/kg • K)(70.2 + 273 K) ^ ^ 

2 1 1 ^ 3 


1 / 


(90 m ) 


A5 fl = m a 


c n In 


T n 


P 


T 


R In 


P, 


a\ 




1 J 


= (111.5 kg) 


, innciT/ , (70.2+273) K moo ^ 1T/1 ^ 122 kPa 

(1.005 kJ/kg. K)ln (0.287 kJ/kg. K)ln 


(12 + 273) K 


101.3kPa 


= 14.88 kJ/K 


S non =A = AS,,, + AST =-13.11 + 14.88 = 1.77kJ/K 


gen total w ' a 
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7-98E Air is charged to an initially evacuated container from a supply line. The minimum temperature of the air in the 
container after it is filled is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with constant 
specific heats. 3 Kinetic and potential energies are negligible. 4 The tank is well-insulated, and thus there is no heat transfer. 

Properties The specific heat of air at room temperature is c p = 0.240 Btu/lbmR (Table A-2Ea). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and entropy balances for this uniform-flow system can be expressed as 

Mass balance : 


Air 


in 


150 psia, 140°F 


Evacuated 


ni m ^ ou t A^system 

ntj = m 2 -m l 

nij = m 2 

Entropy balance : 

m 2 s 2 -m l s l +m e s e -m i s i >0 

m 2 s 2 ~ m i s i ^0 

Combining the two balances, 

m 2 s 2 — m 2 s I > 0 

s 2 - Si > 0 

The minimum temperature will result when the equal sign applies. Noting that P 2 = P„ we have 

TP T 

s 2 -S: = c n In — -Rln— = 0 >c n In — = 0 

^ r f D /' T 1 

1 i r i 1 i 

Then, 

T 2 =T t = 1 40°F 


Alternative Solution 


The reversible process requires a reversible process with work extraction during the filling-up the vessel. The work will be 
due to an imaginary piston doing boundary work with pressure equal to line pressure: 

W out = P l (V 2 -i/ t ) = P 2 V2=m 2 RT 2 

An energy balance for the reversible process (no entropy generation) can be written as 

m t h t = m 2 u 2 -m x u x +W out 
m 2 hj =m 2 u 2 +m 2 RT 2 
hj = w 2 +RT 2 
c P T i =c v T 2 +RT 2 
c p Ti = (c v + R)T 2 

c p T i = c p T 2 

T t =T 2 = 1 40°F 
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Reversible Steady-Flow Work 


7-63 


7-99C The work associated with steady-flow devices is proportional to the specific volume of the gas. Cooling a gas during 
compression will reduce its specific volume, and thus the power consumed by the compressor. 


7-100C Cooling the steam as it expands in a turbine will reduce its specific volume, and thus the work output of the turbine. 
Therefore, this is not a good proposal. 


7-101C We would not support this proposal since the steady-flow work input to the pump is proportional to the specific 
volume of the liquid, and cooling will not affect the specific volume of a liquid significantly. 


7-102E Air is compressed isothermally in a reversible steady-flow device. The work required is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer associated with 
the process. 3 Kinetic and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The gas constant of air is R = 0.06855 Btu/lbmR (Table A- IE). 


Analysis Substituting the ideal gas equation of state into the reversible 
steady-flow work expression gives 


= 


in 


= ^vdP = RT^^ = RT\n 


El 

P 


1 1 

= (0.06855 Btu/lbm- R)(90 + 460 K)ln 

= 68.5Btu/lbm 


^ 80 psia^ 

13psia 


80 psia 



PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



7-64 


7-103 Saturated water vapor is compressed in a reversible steady-flow device. The work required is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer associated with 
the process. 3 Kinetic and potential energy changes are negligible. 


Analysis The properties of water at the inlet state are 


T x = 150°C 

Vj = 1 


P = 476.16kPa 

1 , (Table A -4) 

i/j = 0.39248 m 3 /kg 


Noting that the specific volume remains constant, the reversible steady-flow work 
expression gives 


L 

Win =\udP = V X (P 2 -P l) 


= (0.39248 nr /kg)(1000 - 476. 16)kP^ 

= 205.6kJ/kg 


lkJ 


lkPa-m 



7-104E The reversible work produced during the process shown in the figure is to be determined. 
Assumptions The process is reversible. 


Analysis The work produced is equal to the areas to the left of 
the reversible process line on the P- v diagram. The work done 
during the process 2-3 is zero. Then, 

2 

f i/, + C / 0 

W 13 ~ W| 2 + 0 = {/(IP = — (P 2 ~ P, ) 

J 2 

l 


(l + 3)ft Vlbm 


(180 - 15)psia 


1 Btu 


5.404 psia • t 



= 61 .IBtu/lbm 
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7-105 Liquid water is pumped reversibly to a specified pressure at a specified rate. The power input to the pump is to be 
determined. 


Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic and potential energy changes are negligible. 3 The 
process is reversible. 

Properties The specific volume of saturated liquid water at 20 kPa is = Vf@ 2 okp a = 0.001017 m /kg (Table A-5). 


Analysis The power input to the pump can be determined directly from the 
steady-flow work relation for a liquid, 


Win = vdP + Ake^° + Ape^ () = mv x (P 2 — 7j) 


Substituting, 


W in = (45 kg/s)(0.001017 m7kg)(6000 - 20)kPa 


' lkJ A 
v 1 kPa • m 3 j 


= 274 kW 


2 



7-106 Liquid water is to be pumped by a 16-kW pump at a specified rate. The highest pressure the water can be pumped to 
is to be determined. 

Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic and potential energy changes are negligible. 3 The 
process is assumed to be reversible since we will determine the limiting case. 

Properties The specific volume of liquid water is given to be V\ = 0.001 m/kg. 

Analysis The highest pressure the liquid can have at the pump exit can be determined from the reversible steady -flow work 
relation for a liquid, 


W [n = vdP + Ake <Po + A pe^° =mv l (P 2 - P x ) 


Thus, 


16 kJ/s = (5 kg/s)(0.001 m 3 /kg)(P 2 - 100)k Pa 


r lkJ 
1 kPa • m 3 


It yields 


P 2 =3300kPa 


P 2 
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7-107 A steam power plant operates between the pressure limits of 5 MPa and 10 kPa. The ratio of the turbine work to the 
pump work is to be determined. 

Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic and potential energy changes are negligible. 3 The 
process is reversible. 4 The pump and the turbine are adiabatic. 


Analysis Both the compression and expansion processes are reversible and adiabatic, and thus isentropic, 


si = s 2 and s 3 = s 4 . Then the properties of the steam are 

P 4 = lOkPa 1 h 4 =h g@l0kPa = 2583.9kJ/kg 

> 

sat. vapor J s 4 = Sg@ 10kPa =8.1488 kJ/kg • K 


P 3 = 5 MPa 

s 3 = s 4 



= 4608.1 kJ/kg 


Also, t/j = v f@ 10k p a = 0.00101 m 3 /kg. 

The work output to this isentropic turbine is determined from 
the steady-flow energy balance to be 



v 

R ate o f n et en erg y tnn s fer 
by heat, work, and mass 


ZAC 'system 

k J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= 0 


-^in “ ^out 

mh^ = mh 4 + W oui 
^out = ~ K) 



Substituting, 

WtuAput = *3 - h = 4608.1 - 2583.9 = 2024.2 kJ/kg 


The pump work input is determined from the steady-flow work relation to be 

2 


W 


pumpjn 


in = J ~vdP + A ke ^ + Ape* 0 = (/, (P 2 - P, ) 

= (0.00101 m 3 /kg)(5000 - 10)kPa 
= 5.041 kJ/kg 


IkJ 


A 


IkPa • m 3 


Thus, 


w turb,out 

W 

pumpjn 


2024.2 

5.041 


= 402 
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7-108 ■ fc “ Problem 7-107 is reconsidered. The effect of the quality of the steam at the turbine exit on the net work output 
is to be investigated as the quality is varied from 0.5 to 1.0, and the net work output us to be plotted as a function of this 
quality. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

WorkFluid$ = 'Steam JAPWS' 
P[1] = 10 [kPa] 
x[1] = 0 

P[2] = 5000 [kPa] 
x[4] = 1 .0 


"Pump Analysis:" 

T[1]=temperature(WorkFluid$,P=P[1],x=0) 
v[1 ]=volume(workFluid$,P=P[1 ],x=0) 
h[1]=enthalpy(WorkFluid$,P=P[1],x=0) 
s[1]=entropy(WorkFluid$,P=P[1],x=0) 
s[2] = s[1] 

h[2]=enthalpy(WorkFluid$,P=P[2],s=s[2]) 

T[2]=temperature(WorkFluid$,P=P[2],s=s[2]) 

"The Volume function has the same form for an ideal gas as for a real fluid." 
v[2]=volume(WorkFluid$,T=T[2],p=P[2]) 

"Conservation of Energy - SSSF energy balance for pump" 

" -- neglect the change in potential energy, no heat transfer:" 
h[1]+W_pump = h[2] 

"Also the work of pump can be obtained from the incompressible fluid, steady-flow result:" 

W_pumpJncomp = v[1]*(P[2] - P[1]) 

"Conservation of Energy - SSSF energy balance for turbine - neglecting the change in potential energy, no heat 
transfer:" 

P[4] = P[1] 

P[3] = P[2] 

h[4]=enthalpy(WorkFluid$,P=P[4],x=x[4]) 

s[4]=entropy(WorkFluid$,P=P[4],x=x[4]) 

T[4]=temperature(WorkFluid$,P=P[4],x=x[4]) 
s[3] = s[4] 

h[3]=enthalpy(WorkFluid$,P=P[3],s=s[3]) 

T[3]=temperature(WorkFluid$,P=P[3],s=s[3]) 
h[3] = h[4] + W_turb 
W_net_out = W_turb - W_pump 
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x 4 

Wnet.out 

[kJ/kfli 

0.5 

555.6 

0.55 

637.4 

0.6 

719.2 

0.65 

801 

0.7 

882.8 

0.75 

971.2 

0.8 

1087 

0.85 

1240 

0.9 

1442 

0.95 

1699 

1 

2019 



x[4] 
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7-109E Helium gas is compressed from a specified state to a specified pressure at a specified rate. The power input to the 
compressor is to be determined for the cases of isentropic, polytropic, isothermal, and two -stage compression. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The process is reversible. 3 Kinetic and potential 
energy changes are negligible. 


Properties The gas constant of helium is R = 2.6805 psia.ft /lbm.R = 0.4961 
Btu/lbm.R. The specific heat ratio of helium is k = 1.667 (Table A-2E). 

Analysis The mass flow rate of helium is 

Pi l \ (l 6 psia)(l 0 ft 3 /s 


2 


m = 


RT X (2.6805 psia • ft 3 /lbm- R|545 R) 
(a) Isentropic compression with k = 1.667: 


= 0. 1095 lbm/s 


W = m 

compjin 


kRT x 
k - 1 




\ P \ J 


(k-l)/k 


-1 



= (0. 1095 lbm/s)< L 4961 Banbm ' R X 545 R > 
v 3 1.667-1 

= 91.74 Btu/s 

= 129.8hp since 1 hp = 0.7068 Btu/s 


/ nn • A0.667/1.6S 

120 psia 
16 psia 


-1 


( b ) Polytropic compression with n = 1.2: 


. nRT x 

^compjin — ^ 7" 

n - 1 


r 2 


-l 


= (0. 1095 lbm/s) ( 1 , 2 X 0,4961 Btu/lbm- R)(545 R) j 
= 70.89 Btu/s 

= 100. 3hp since 1 hp = 0.7068 Btu/s 


/ \ 0 . 2 / 1 .2 
' 120 psia 3 

16 psia 


-1 


(c) Isothermal compression: 


p 1 20 r>si a 

W como , n = mRT In— = (0. 1095 lbm/sXo.4961 Btu/lbm- R)(545 R)ln — = 59.67 Btu/s = 84.42hp 

P x 16 psia 

(d) Ideal two-stage compression with intercooling ( n = 1.2): In this case, the pressure ratio across each stage is the same, 
and its value is determined from 

P x = -JP\P 2 = V( 16 psiaXl20 psia) =43.82 psia 

The compressor work across each stage is also the same, thus total compressor work is twice the compression work for a 
single stage: 


nRT x 

^compin = 2 mw J = 2m 

n — 1 


r p 
\ p \ J 


-1 


= 2(0. 1095 lbm/s) ( 1 , 2 X Q - 4961 Btu/h^m- R)(545 R) | 
= 64.97 Btu/s 

= 91 .92hp since 1 hp = 0.7068 Btu/s 


43 82 psia 
14 psia 


0 . 2 / 1 .2 


-1 
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7-70 


7-110E 



Problem 7-109E is reconsidered. The work of compression and entropy change of the helium is to be 


evaluated and plotted as functions of the polytropic exponent as it varies from 1 to 1.667. 
Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Given" 

PI =16 [psia] 

T1 =85+460 
V1_dot=10 [ft A 3/s] 

P2=120 [psia] 
n=1 .2 

"Properties" 

R=0.4961 [Btu/lbm-R] 

R1 =2.6805 [psia-ft A 3/lbm-R] 
k=1 .667 

c_p=1.25 [Btu/lbm-R] 

"Analysis" 

m_dot=(P1 *V1_dot)/(R1 *T 1 ) 

W_dot_compJn_a=m_dot*(k*R*T 1 )/(k-1 )*((P2/P1 ) A ((k-1 )/k)-1 )*Convert(Btu/s, hp) 
W_dot_comp_in_b=m_dot*(n*R*T 1 )/(n-1 )*((P2/P1 ) A ((n-1 )/n)-1 )*Convert(Btu/s, hp) 
W_dot_compJn_c=m_dot*R*T 1 *ln(P2/P1 )*Convert(Btu/s, hp) 

P_x=sqrt(P1*P2) 

W_dot_compJn_d=2*m_dot*(n*R*T 1 )/(n-1 )*((P_x/P1 ) A ((n-1 )/n)-1 )*Convert(Btu/s, hp) 

"Entropy change" 

T2/T 1 =(P2/P1 ) A ((n-1 )/n) 

D E LT AS_H e= m_d ot* (c_p* I n (T 2/T 1 )-R*ln(P2/P1 )) 


n 

Wcomp,in,a 

[hp] 

Wcomp,in,b 

[hp] 

Wcomp,in,c 

[hp] 

Wcomp,in,d 

[hp] 

AS|He 

[Btu/s-R] 

i 

129.8 

84.42 

84.42 

84.42 

-0.1095 

1.1 

129.8 

92.64 

84.42 

88.41 

-0.0844 

1.2 

129.8 

100.3 

84.42 

91.92 

-0.0635 

1.3 

129.8 

107.5 

84.42 

95.04 

-0.04582 

1.4 

129.8 

114.1 

84.42 

97.82 

-0.03066 

1.5 

129.8 

120.3 

84.42 

100.3 

-0.01753 

1.6 

129.8 

126.1 

84.42 

102.6 

-0.006036 

1.667 

129.8 

129.8 

84.42 

104 

0.0008937 
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A^He [Btu/s-R] ^V corn p j n 


7-71 



n 
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7-111 Nitrogen gas is compressed by a 10-kW compressor from a specified state to a specified pressure. The mass flow rate 
of nitrogen through the compressor is to be determined for the cases of isentropic, polytropic, isothermal, and two -stage 
compression. 

Assumptions 1 Nitrogen is an ideal gas with constant specific heats. 2 The process is reversible. 3 Kinetic and potential 
energy changes are negligible. 

Properties The gas constant of nitrogen is R = 0.297 kJ/kg.K (Table A-l). The specific heat ratio of nitrogen is k = 1.4 
(Table A-2). 


Analysis {a) Isentropic compression: 

W convM =m'^{p 2 /P 1 f k - l) ' k -l} 

or, 

10 kJ/s - ,„Q-4)(0-207mg.K)(300K)| 480 ^ tPaf 
It yields 

m = 0.048 kg / s 



( b ) Polytropic compression with n = 1.3: 

I {p 2 /Pi) in ~ 1),n 


w ■ nRT ' 

W = tfi — 

rr compjn , 

n — 1 



or, 

!0 kJ/s = ,„(l-3X0.207kl/k g| KK300K) l(m ^ tpaf M 3_ ,} 


It yields 


m = 0.051 kg / s 


(c) Isothermal compression: 


P 

W =mRT In— 

rv comp4n " UVJ 111 ^ 

iO 


A 


10 kJ/s = /«((). 297 kJ/kg ■ K)(300 K)ln 

V 


480 kPa 
80 kPa 


\ 


It yields 


m = 0.063 kg / s 

(d) Ideal two-stage compression with intercooling ( n = 1.3): In this case, the pressure ratio across each stage is the same, 
and its value is determined to be 

P x = 7^ = V( 80 kPa)(480 kPa) = 196 kPa 


The compressor work across each stage is also the same, thus total compressor work is twice the compression work for a 
single stage: 

W compi n = 2mw co J = 2m'^2-{p x /P l j nl) ' n -l} 

n — 1 

or, 

■ 0 kJ, s - (1-3X0.297 kJ/kg- KX300K)| 196 ^ kPaf 3n.3_ 1 } 


It yields 


in - 0.056 kg/s 
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7-1 12E Saturated refrigerant- 134a vapor is to be compressed reversibly to a specified pressure. The power input to the 
compressor is to be determined, and it is also to be compared to the work input for the liquid case. 

Assumptions 1 Liquid refrigerant is an incompressible substance. 2 Kinetic and potential energy changes are negligible. 3 
The process is reversible. 4 The compressor is adiabatic. 


Analysis The compression process is reversible and adiabatic, and thus isentropic, s x = s 2 . Then the properties of the 
refrigerant are (Tables A-l IE through A-13E) 


P^^psia] h x = 101.00 Btu/lbm 
sat. vapor J s x =0.22717 Btu/lbm - R 


P x = 80 psia 
^2 “ ^1 



= 115.81 Btu/lbm 


The work input to this isentropic compressor is determined from 
the steady-flow energy balance to be 


^in ^out 

V J 

V 

R ate o f n et en erg y tram s fer 
by heat, work, and mass 


A E 0 


<^0 (steady) 


system 


= 0 


Rate of changein internal, kinetic, 
potential, etc. energies 


^in ^out 

W m + mh x = m /?2 

^in =m(h 2 -h x ) 


2 




Thus, 

w in =h 2 -h x =115.81 -101.00 = 14.8 Btu/lbm 


If the refrigerant were first condensed at constant pressure before it was compressed, we would use a pump to compress the 
liquid. In this case, the pump work input could be determined from the steady -flow work relation to be 


w in = J '\dP + A ke^° + Ape^° = v, (P 2 - P l ) 
where v 3 = u f @ 15 psia = 0.01 164 ft 3 /lbm. Substituting, 


w in = (0.01 164 ft 3 /lbm)(80 - 15) psia 


1 Btu 

5.4039 psia • ft 


= 0.1 40 Btu/lbm 
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7-74 

Isentropic Efficiencies of Steady-Flow Devices 

7-113C The ideal process for all three devices is the reversible adiabatic (i.e., isentropic) process. The adiabatic 
efficiencies of these devices are defined as 

actual work output insentropic work input , actual exit kineticenergy 

77 = , // = , and 77 = 

1 insentropic work output c actual work input v insentropic exit kinetic energy 


7-114C No, because the isentropic process is not the model or ideal process for compressors that are cooled intentionally. 


7-115C Yes. Because the entropy of the fluid must increase during an actual adiabatic process as a result of 
irreversibilities. Therefore, the actual exit state has to be on the right-hand side of the isentropic exit state 
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7-116E Steam is compressed in an adiabatic closed system with an isentropic efficiency of 80%. The work produced and the 
final temperature are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 The device is adiabatic and thus heat transfer is 
negligible. 

Analysis We take the steam as the system. This is a closed system since no mass enters or leaves. The energy balance for 
this stationary closed system can be expressed as 


^in ^out 

V 

Netenergy ton s fer 
by heat, work, and mass 


A F 

system 

s. j 

V 

Changein internal, kinetic, 
potential, etc. energies 


~ W 0 ut “ = m(u 2 ~u x ) 


Wout =w l “«2 


From the steam tables (Tables A-5 and A-6), 


P x =100 psial u x = 1233.7 Btu/lbm 
T x = 650°F J s x =1.7816 Btu/lbm- R 



P 2 = 1 MPa 

s 2 s = s l 



_ ^ 2 , 1.7816- 0.47427 _ Q9%1 
s fg 1.12888 

= Uj + x 2s + u j g =298. 19 + 0.9961x807.29 = 1068.4 Btu/lbm 


The work input during the isentropic process is 

w,,out = u \ ~ u 2s =(1233.7 -1068.4)Btu/lbm= 165.3 Btu/lbm 


The actual work input is then 

w «,out = ^isen w s,out = (0.80)(165.3 Btu/lbm)= 1 32.2Btu/lbm 
The internal energy at the final state is determined from 


w out “ u \ ~ u . 


+u 2 =u x -w out = (1233.7 -132.2)Btu/lbm= 1101.4 Btu/lbm 


Using this internal energy and the pressure at the final state, the temperature is determined from Table A-6 to be 


P 2 = 10 psia 

u 2 = 1101.4 Btu/lbm 


To =274.6°F 
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7-117 Steam enters an adiabatic turbine at a specified state, and leaves at a specified state. The mass flow rate of the steam 
and the isentropic efficiency are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
The device is adiabatic and thus heat transfer is negligible. 


Analysis ( a ) From the steam tables (Tables A-4 and A-6), 


P x = 5 MPa 
T x = 650°C 

P 2 = 50 kPa 
T 2 = 150°C 


h x - 3783.2 kJ/kg 
s x - 7.3901 kJ/kg-K 

\h 2a = 2780.2 kJ/kg 


There is only one inlet and one exit, and thus m^=jh 2 =m.'Wt take the actual 

turbine as the system, which is a control volume since mass crosses the boundary. 
The energy balance for this steady-flow system can be expressed in the rate form as 


^in ^out 


A E„ 


+0 (steady) 


system 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 

^in = ^out 

m(h x + V x / 2) = W aout + m(Ji 2 + Vf/2) (since Q = Ape = 0) 


Wa,out = ~ m 






l 



Substituting, the mass flow rate of the steam is determined to be 


8000 kJ/s = — tii 


2780.2-3783.2 + 


(140 m/s) 2 - (80 m/s) 


1 kJ/kg 


1000 m 2 /s 2 


m = 8.029 kg/s 

( b ) The isentropic exit enthalpy of the steam and the power output of the isentropic turbine are 

Sis ~ s f 7.3901-1.0912 


P 2s = 50 kPa 

=s x -7.3901 kJ/kg-K 


x 2s = 


fg 


6.5019 


-0.9688 


h 2s =h f +x 2s h f = 340.54+ (0.9688)(2304.7) = 2573.3 kJ/kg 


and 


W. 


s,out 


= -m\h 2s —h x + W 2 - V x )/ 2 


W sfint = -(8.029 kg/s)^2573.3 - 3783.2 + 


2 /on /_\ 2 / i i _ t /i 


(140 m/s) -(80 m/s) 


1 kJ/kg 


2/2 


1000 m"/s 


-9661kW 

Then the isentropic efficiency of the turbine becomes 


_ W a _ 8000 kW 
1,7 ~ +7 _ 9661kW 


= 0.828 = 82.8% 
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7-118E Combustion gases enter an adiabatic gas turbine with an isentropic efficiency of 82% at a specified state, and leave 
at a specified pressure. The work output of the turbine is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Combustion gases can be treated as air that is an 
ideal gas with variable specific heats. 


Analysis From the air table and isentropic relations, 


7] = 2000 R 


h x = 504.71 Btu/lbm 

P r = 174.0 

r \ 



V 

p r = 

r 60 psia ^ 

UJ 

r \ 

v 120 psia y 


(l74.0) = 87.0 


/* 2 S =417.3 Btu/lbm 


There is only one inlet and one exit, and thus m x = = m . We take the actual 

turbine as the system, which is a control volume since mass crosses the boundary. 
The energy balance for this steady-flow system can be expressed as 


1 



mh x = W a out + m /72 (since Q = Ake = Ape = 0) 

Wa,out = m(/z, -lb) 


Noting that w a = rj T w s , the work output of the turbine per unit mass is determined from 
w a = (o. 82X504.71 -417.3)Btu/lbm= 71 .7 Btu/lbm 
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7-119 Steam is expanded in an adiabatic turbine. The isentropic efficiency is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the actual turbine as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady -flow system can be expressed in the rate 
form as 


E in - E out 

V 

Rate o f net en erg y trai sfer 
b y h eat, wo rk , an d mas s 


a 77 ^0 (steady) 

^^system 

^ J 

V 

Rate of changein internal, kinetic, 
potential,etc. energies 


= 0 


^in _ ^out 


mh x = W a out + mh 2 (since Q = Ake = Ape = 0) 
W a , out = ^l ~ h 2 ) 


From the steam tables (Tables A-4 through A-6), 


P x = 4 MPa 
T x = 350°C 
P 2 =120 kPa 
x 2 =1 


h x =3093.3kJ/kg 
^ = 6.5843 kJ/kg-K 

>h 2 = 2683.1kJ/kg 


P 2s = 120kPal x 2s =0.8798 
s 2s =s x J h 2s =2413.4kJ/kg 


From the definition of the isentropic efficiency, 


P { =4 MPa 
Ti = 350°C 




^,out _ m(hj -h 2 ) _ h x -h 2 
<out m(h x -h 2 s ) h x -h 2s 


3093.3- 2683.1 

3093.3- 2413.4 


= 0 . 603 = 60 . 3 % 
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7-120 Steam enters an adiabatic turbine with an isentropic efficiency of 0.90 at a specified state with a specified mass flow 
rate, and leaves at a specified pressure. The turbine exit temperature and power output of the turbine are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change 
with time. 2 Kinetic and potential energy changes are negligible. 3 The 
device is adiabatic and thus heat transfer is negligible. 

Analysis ( a ) From the steam tables (Tables A-4 through A-6), 


P x = 8 MPa 
T x = 500°C 


P x = 8 MPa 
T x = 500°C 


P 2s = 30 kPa 
^ 2 .? “ ^1 


h x = 3399.5 kJ/kg 
s x = 6.7266 kJ/kg -K 


*2, = 


*2s ~ s f 6.7266-0.9441 


fg 


6.8234 


= 0.8475 


h 2s =h f +x 2s h fg =289.27 + (0.8475X2335.3) = 2268.3 kJ/kg 
From the isentropic efficiency relation, 

q = 1_/i2a > h 2a =h l -r/ {h x -/z 2s ) = 3399.5 -(0.9X3399.5-2268.3) = 2381.4 kJ/kg 

Thus, 

P. . = 30 kPa 1 

= ^sat@30kPa = 



It2 a =2381.4 kJ/kg 


(/?) There is only one inlet and one exit, and thus n\ =m 2 = rh. We take the actual turbine as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in ^out 

s. J 

V 

R ate of netenergy trai s fer 
by heat, work, and mass 


a p <^0 (steady) 
ZAiZ/ system 

V J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= 0 


^in — ^out 


mh x = W, d out + rhh 2 (since Q = Ake = Ape = 0) 

W a , out = m(h x -h2) 


Substituting, 

VF aou t = (3kg/sX3399.5-2381.4) kJ/kg = 3054kW 
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7-121 ““ Problem 7-120 is reconsidered. The effect of varying the turbine isentropic efficiency from 0.75 to 1.0 on both 
the work done and the exit temperature of the steam are to be investigated, and the results are to be plotted. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"System: control volume for turbine" 

"Property relation: Steam functions" 

"Process: Turbine: Steady state, steady flow, adiabatic, reversible or isentropic" 
"Since we don't know the mass, we write the conservation of energy per unit mass." 
"Conservation of mass: m_dot[1]= m_dot[2]=m_dot" 

"Knowns:" 

WorkFluid$ = 'Steamjapws' 
m_dot = 3 [kg/s] 

P[1] = 8000 [kPa] 

T[1] = 500 [C] 

P[2] = 30 [kPa] 

"eta turb = 0.9" 


"Conservation of Energy - SSSF energy balance for 
turbine -- neglecting the change in potential energy, 
no heat transfer:" 

h[1]=enthalpy(WorkFluid$,P=P[1],T=T[1]) 
s[1]=entropy(WorkFluid$,P=P[1],T=T[1]) 

T_s[1] = T[1] 
s[2] =s[1] 
s_s[2] = s[1] 

h_s[2]=enthalpy(WorkFluid$,P=P[2],s=s_s[2]) 
T_s[2]=temperature(WorkFluid$,P=P[2],s=s_s[2]) 
eta_turb = w_turb/wturb_s 
h[1] = h[2] + w_turb 
h[1] = h_s[2] + w_turb_s 
T[2]=temperature(WorkFluid$,P=P[2],h=h[2]) 

W dot turb = m dot*w turb 


Hturb 

w turb [kW] 

0.75 

2545 

0.8 

2715 

0.85 

2885 

0.9 

3054 

0.95 

3224 

1 

3394 


£> 

i— 

3 


Steam 



s [kJ/kg-K] 



turb 
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7-122 C0 2 gas is compressed by an adiabatic compressor from a specified state to another specified state. The isentropic 
efficiency of the compressor is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 C0 2 is an ideal gas with constant specific heats. 


Properties At the average temperature of (300 + 450)/2 = 375 K, the constant 
pressure specific heat and the specific heat ratio of C0 2 are k = 1.260 and c p = 
0.917 kJ/kg.K (Table A-2). 


Analysis The isentropic exit temperature T 2s is 


T 2s = ?! 


R 


2 s 




(k-l)/k 


= (300 K 


600 kPa 
100 kPa 


n 0.260/1 .26 


= 434.2 K 


From the isentropic efficiency relation, 

h 2s ~ h \ _ c p( T 2s ~ T \) _ T 2s -T x _ 434.2-300 
K ~ c p (T 2a -7, ) ' T la -T x ' 450-300 


// = 
1 c 


= 0.895 = 89.5% 


w. 


2 



7-123 R-134a is compressed by an adiabatic compressor with an isentropic efficiency of 85%. The power required is to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Analysis From the R-134a tables (Tables A-l 1 through A- 13), 


T x = 10°C 
x = l (sat. vap.) 

P 2 =1000kPa 

=s x = 0.9266 kJ/kg-K 


h x = 256.22 kJ/kg 
s x =0.9266 kJ/kg-K 


h 2s = 274.45 kJ/kg 


The power input during isentropic process would be 

W s . n = m(h 2s -h { ) = (0.9 kg/s)(274.45 - 256.22) kJ/kg = 16.41 kW 
The power input during the actual process is 


W = 

r in 


W s , in 16.41 kW 


Vc 


0.85 


= 19.3kW 


10°C 
sat. vapor 


1 MPa 
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7-124 Refrigerant- 134a enters an adiabatic compressor with an isentropic efficiency of 0.87 at a specified state with a 
specified volume flow rate, and leaves at a specified pressure. The compressor exit temperature and power input to the 
compressor are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Analysis (a) From the refrigerant tables (Tables A-l IE through A-13E), 

h\ - ^g@iookPa = 234.46 kJ/kg 
— s g@iookPa — 0.95191 kJ/kg • K 


P x =100 kPa 
sat. vapor 


P 2 = 1 MPa 


S 2s ~ S \ 


<6 = ^@100kPa = 19255 m /k § 

h 2s =282.53 kJ/kg 

From the isentropic efficiency relation, 

~^h la =h x +{h 2s - /zj )/ rj . = 234.46+ (282.53- 234. 46)/0. 87 = 289.71 kJ/kg 



h 2s~ h 1 

11 = 

c h —h 

n 2 a lh 


Thus, 


P 2a = 1 MPa 


r 2fl =56.5°C 


h 2a =289.71 kJ/kg 
(b) The mass flow rate of the refrigerant is determined from 

0.7/60 m 3 /s 


m = — = 


0.19255 m 7kg 


= 0.06059 kg/s 


There is only one inlet and one exit, and thus m x = = m . We take the actual compressor as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed as 


^in ^out 


A E. 


<^0 (steady) 


system 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 

^in “ ^out 

W, d in + mh x - mh 2 (since Q = Ake = Ape = 0) 
^a,in =rh(Jh -h x ) 

Substituting, the power input to the compressor becomes, 

W. din = (0.06059 kg/sX289.7 1 - 234.46)kJ/kg = 3.35 kW 
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7-125 



Problem 7-124 is reconsidered. The problem is to be solved by considering the kinetic energy and by assuming 


an inlet-to-exit area ratio of 1 .5 for the compressor when the compressor exit pipe inside diameter is 2 cm. 
Analysis The problem is solved using EES, and the solution is given below. 


"Input Data from diagram window" 

{P[1] = 100 [kPa] 

P[2] = 1000 [kPa] 

Vol_dot_1 = 0.7 [m A 3/min] 

Eta_c = 0.87 "Compressor adiabatic efficiency" 

A_ratio = 1.5 
d_2 = 0.02 [m]} 

"System: Control volume containing the compressor, see the diagram window. 

Property Relation: Use the real fluid properties for R134a. 

Process: Steady-state, steady-flow, adiabatic process." 

Fluid$- R134a' 

"Property Data for state 1" 

T[1]=temperature(Fluid$,P=P[1],x=1)"Real fluid equ. at the sat. vapor state" 
h[1]=enthalpy(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state" 
s[1]=entropy(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state" 
v[1]=volume(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state" 

"Property Data for state 2" 

s_s[1 ]=s[1 ]; T_s[1]=T[1] "needed for plot" 

s_s[2]=s[1] "for the ideal, isentropic process across the compressor" 

h_s[2]=ENTHALPY(Fluid$, P=P[2], s=s_s[2])"Enthalpy 2 at the isentropic state 2s and pressure P[2]" 
T_s[2]=Temperature(Fluid$, P=P[2], s=s_s[2])"Temperature of ideal state - needed only for plot." 
"Steady-state, steady-flow conservation of mass" 
mdotl = m_dot_2 
m_dot_1 = Vol_dot_1/(v[1]*60) 

Vol_dot_1/v[1]=Vol_dot_2/v[2] 

Vel[2]=Vol_dot_2/(A[2]*60) 

A[2] = pi*(d_2) A 2/4 

A_ratio*Vel[1]/v[1] = Vel[2]/v[2] "Mass flow rate: = A*Vel/v, A_ratio = A[1]/A[2]" 

A_ratio=A[1]/A[2] 

"Steady-state, steady-flow conservation of energy, adiabatic compressor, see diagram window" 
m_dot_1*(h[1]+(Vel[1]) A 2/(2*1000)) + W_dot_c= m_dot_2*(h[2]+(Vel[2]) A 2/(2*1000)) 

"Definition of the compressor isentropic efficiency, Eta_c=W_isen/W_act" 

Eta_c = (h_s[2]-h[1 ])/(h[2]-h[1 ]) 

"Knowing h[2], the other properties at state 2 can be found." 

v[2]=volume(Fluid$, P=P[2], h=h[2])"v[2] is found at the actual state 2, knowing P and h." 
T[2]=temperature(Fluid$, P=P[2],h=h[2])"Real fluid equ. for T at the known outlet h and P." 
s[2]=entropy(Fluid$, P=P[2], h=h[2]) "Real fluid equ. at the known outlet h and P." 

T_exit=T[2] 

"Neglecting the kinetic energies, the work is:" 
m_dot_1*h[1] + W_dot_c_noke= m_dot_2*h[2] 
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7-84 


SOLUTION 
A_ratio=1.5 
d_2=0.02 [m] 

Eta_c=0.87 
Fluid$='R1 34 a' 
m_dot_1 =0.06059 [kg/s] 
m_dot_2=0. 06059 [kg/s] 
T_exit=56.51 [C] 
Vol_dot_1=0.7 [m A 3 /min] 
Vol_dot_2=0. 08229 [m A 3 /min] 
W_dot_c=3.33 [kW] 
W_dot_c_noke=3.348 [kW] 
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7-85 


7-126 Air is compressed by an adiabatic compressor from a specified state to another specified state. The isentropic 
efficiency of the compressor and the exit temperature of air for the isentropic case are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with variable specific heats. 


Analysis (a) From the air table (Table A- 17), 


7] = 300 K 
T 2 = 550 K 


» h x =300.19 kJ /kg, P h = 1.386 

-> =554.74 kJ /kg 


From the isentropic relation, 







600 kPa 
. 95 kPa 


\ 

(1.386) = 8.754 

/ 


h 2s = 508.72 kJ/kg 


Then the isentropic efficiency becomes 



_ h 2s~ h \ 
h 2a~ h 1 


508.72-300.19 

55474-300.19 


= 0.819 = 81.9% 


2 



(b) If the process were isentropic, the exit temperature would be 


h 2s =508.72 kJ/kg >T 2s =505.5 K = 506 K 
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7-86 


7-127E Argon enters an adiabatic compressor with an isentropic efficiency of 80% at a specified state, and leaves at a 
specified pressure. The exit temperature of argon and the work input to the compressor are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
The device is adiabatic and thus heat transfer is negligible. 4 Argon is an ideal gas with constant specific heats. 


Properties The specific heat ratio of argon is k = 1.667. The constant pressure 
specific heat of argon is c p = 0.1253 Btu/lbm.R (Table A-2E). 


Analysis (a) The isentropic exit temperature T 2s is determined from 


t 2s =t i 


P 


2 s 


v^> y 


(k-l)/k 


= (535 R 


onn • \°- 667/1 - 6S 

200 psia 

14 psia 


= 1550.4 R 


The actual kinetic energy change during this process is 


Ake a = 


V 2 2 -V 7 ! 2 (240 ft/s) 2 -(60 ft/s ) : 


1 Btu/lbm 
25,037 ft 2 /s 2 


= 1.078 Btu/lbm 


2 



The effect of kinetic energy on isentropic efficiency is very small. Therefore, we can take the kinetic energy changes for the 
actual and isentropic cases to be same in efficiency calculations. From the isentropic efficiency relation, including the effect 
of kinetic energy, 

w, (h 2s -h x ) + Ake c p (T 2s -T^+Ake, ^ Qg? 0.1253(1550.4 -535) + 1.078 

77 c _ ' (h la -h 1 ) + Me ~ c p (r 2fl - 71 )+ A ke a > ' ' 0. 1253(r 2fl - 535 ) + 1 .078 


It yields 


T2a 


= 1703 R 


(b) There is only one inlet and one exit, and thus ri\ = = m . We take the actual compressor as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed as 


^in -^out 

^ J 

V 

Rate of net energy tnnsfer 
by heat, work, and mass 


a 77 <^0 (steady) 

ZA/Z/ system 

y 7 

v 

Rate of changein internal, kinetic, 
p o ten ti al ,etc . en erg ies 


= 0 


-^in “ ^out 


W. d in + rh(h x + V x / 2) = m(h 2 + Vlll') (since Q = Ape = 0) 


^a,in =rh 


h 2 - h x + 


V7 - V, 2 ^ 


■> Wa, in = h 2 ~ h \ +Ake a =c (T 2a ~T l ) + Ake 


Substituting, the work input to the compressor is determined to be 

w a in = (o. 1253 Btu/lbm- RXl703 - 535 )R +1.078 Btu/lbm= 1 47 Btu/lbm 
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7-87 


7-128E Air is accelerated in a 85% efficient adiabatic nozzle from low velocity to a specified velocity. The exit temperature 
and pressure of the air are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with variable specific heats. 

Analysis From the air table (Table A-17E), 


T x = 1400 R >h x = 342. 90 Btu/lbm, P t] =42.88 


There is only one inlet and one exit, and thus m x = = m . We take the nozzle as the system, which is a control volume 

since mass crosses the boundary. The energy balance for this steady-flow system can be expressed as 


^in ^out 

v. J 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 77 <^0 (steady) 

^-^system 

v. J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


^in — ^out 


m(h x + V x 12) = + V%!2) (since W = Q = Ape = 0) 


/, 2 = / ?1 -^ 





Substituting, the exit temperature of air is determined to be 


h 2 = 342.90 kJ/kg 


(650 ft/s) 2 -0 
2 


1 Btu/lbm 
v 25,037 ft 2 /s 2 y 


= 334.46 Btu/lbm 


From the air table we read 

T 2a = 1368 R = 908°F 
From the isentropic efficiency relation 


or 


h 2 , =h x +(h 2a -/?])/ 77 v =342.90+ (334.46 -342.90>(0.85) = 332.97 Btu/lbm >P, h =38.62 


Then the exit pressure is determined from the isentropic relation to be 


p 2 p, 


Pi p r , 


+ p 2 = 


r p r A 
[2 


Pi = 


38.62 

42.88 


(45 psia) = 40.5psia 
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7-88 



7-129E “™ Problem 7-128E is reconsidered. The effect of varying the nozzle isentropic efficiency from 0.8 to 1.0 on the 
exit temperature and pressure of the air is to be investigated, and the results are to be plotted. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

WorkFluid$ = 'Air' 
P[1] = 45 [psia] 
T[1] = 940 [F] 
Vel[2] = 650 [ft/s] 
Vel[1] = 0 [ft/s] 
eta nozzle = 0.85 


"Conservation of Energy - SSSF energy balance for turbine -- neglecting the change in potential energy, no heat transfer:" 

h[1 ]=enthalpy(WorkFluid$,T =T[1 ]) 

s[1]=entropy(WorkFluid$,P=P[1],T=T[1]) 

T_s[1] = T[1] 
s[2] =s[1] 
s_s[2] = s[1] 

h_s[2]=enthalpy(WorkFluid$,T=T_s[2]) 

T_s[2]=temperature(WorkFluid$,P=P[2],s=s_s[2]) 
eta_nozzle = ke[2]/ke_s[2] 
ke[1] = Vel[1] A 2/2 
ke[2]=Vel[2] A 2/2 

h[1]+ke[1]*convert(ft A 2/s A 2,Btu/lbm) = h[2] + ke[2]*convert(ft A 2/s A 2,Btu/lbm) 
h[1] +ke[1]*convert(ft A 2/s A 2,Btu/lbm) = h_s[2] + ke_s[2]*convert(ft A 2/s A 2,Btu/lbm) 

T[2]=temperature(WorkFluid$,h=h[2]) 

P_2_answer = P[2] 

T2answer = T[2] 


P nozzle 

p 2 

[psia] 

T 2 

[F 

Ts, 2 

[FI 

0.8 

40.25 

907.6 

899.5 

0.82 

40.36 

907.6 

900.5 

0.84 

40.47 

907.6 

901.4 

0.86 

40.57 

907.6 

902.3 

0.88 

40.67 

907.6 

903.2 

0.9 

40.76 

907.6 

904 

0.92 

40.85 

907.6 

904.8 

0.94 

40.93 

907.6 

905.6 

0.96 

41.01 

907.6 

906.3 

0.98 

41.09 

907.6 

907 

1 

41.17 

907.6 

907.6 
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7-89 


7-130 Air is expanded in an adiabatic nozzle with an isentropic efficiency of 0.96. The air velocity at the exit is to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer or shaft work 
associated with the process. 3 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis For the isentropic process of an ideal gas, the exit temperature is determined from 


T 2s = T x 


r p \ (&-!)/& 


\ P \ J 


= (180 + 273 K) 


100 kPa 
300 kPa 


nO.4/1.4 


= 331. OK 


There is only one inlet and one exit, and thus m x = - m . We take nozzle as 

the system, which is a control volume since mass crosses the boundary. The 
energy balance for this steady-flow system can be expressed in the rate form as 

710 (steady) 


^in ^out 


= AE C 


system 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 


-^in -^out 


m 


h x + 


V- 


2 \ 


h x + 


2 

V- 


= m 


h 2 + 


V- 


2 \ 


V 


J 

2 y: 


2 


2 


h x -h 2 = 


c p (T x ~T 2 ) = 


2 

v 2 2 -Vi 2 

2 

y 2~V 2 A1 

2 


The kinetic energy change for the isentropic case is 

Ake, =c p (T x - T 2s ) = (1 .005 kJ/kg • K)(453 - 33 1)K = 1 22. 6 kJ/kg 

The kinetic energy change for the actual process is 

Ake„ = rj N Ake, = (0.96)(1 22.6 kJ/kg) = 117.7 kJ/kg 
Substituting into the energy balance and solving for the exit velocity gives 


0.5 


V 2 = (2Ake a ) = 


2(1 17.7 kJ/kg) 


^1000 m 2 /s 2 ^ 
TkJ/kg 


0.5 


= 485 m/s 


300 kPa 
180°C 
Om/s 



100 kPa 
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7-90 


7-131E Air is decelerated in an adiabatic diffuser with an isentropic efficiency of 0.82. The air velocity at the exit is to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer or shaft work 
associated with the process. 3 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c p = 0.240 Btu/lbm- R and k = 1.4 (Table A-2Ea). 
Analysis For the isentropic process of an ideal gas, the exit temperature is determined from 


t 2s =t x 


P, 


\ 


\ p i j 


(k-l)/k 


= (30 + 460 R) 


/ . \ 0 . 4 / 1.4 

' 20psia 
11 psia 


= 581. 3R 


There is only one inlet and one exit, and thus rh l = rh^ = m . We take nozzle as the system, which is a control volume since 
mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 

710 (steady) 


^in -^out 


= A E, 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 


^in -^out 


m 


h x + 


V- 


2 ^ 


2 


= m 


h 2 + 


V 


2 ^ 


V 


2 





2 


h x -h 2 = 


2 

v 2 2 -Vi 2 

2 


v 2 ~ v \ 

c p (T l -T 2 ) = -* — = Ake 


2 


The kinetic energy change for the isentropic case is 

Ake v =c p (T 2s —T x ) = (0.240 Btu/lbm- R)(581 .3 - 490)R = 21 .90 Btu/lbm 

The kinetic energy change for the actual process is 

Ake„ =r/ N Ake, =(0.82)(21.90Btu/lbm)= 17.96 Btu/lbm 
Substituting into the energy balance and solving for the exit velocity gives 


V 2 =(V 1 2 -2AkeJ a5 = 


(1200 ft/s) 2 -2(17.96 Btu/lbm) 


^ 25,037 ft 2 /s 2 ^ 

1 Btu/lbm 


0.5 


= 735 ft/s 
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7-91 


7-132 Hot combustion gases are accelerated in a 92% efficient adiabatic nozzle from low velocity to a specified velocity. 
The exit velocity and the exit temperature are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
The device is adiabatic and thus heat transfer is negligible. 4 Combustion gases can be treated as air that is an ideal gas with 
variable specific heats. 


Analysis From the air table (Table A- 17), 

7] = 1020 K >h x = 1068.89 kJ/kg, P h = 123.4 

From the isentropic relation , 


Pi = 260 kPa 
T, = 747°C _ 
Vi = 80 m/s 


AIR 

rj N =92<^ 


P 2 = 85 kPa 




Pi) 



85 kPa 
v 260kPa y 


(123.4) = 40.34 


h 2s =783. 92 kJ/kg 



There is only one inlet and one exit, and thus rn x = = m. We take the nozzle as the system, which is a control volume 

since mass crosses the boundary. The energy balance for this steady-flow system for the isentropic process can be expressed 
as 


^in ^out 


A E, 


+0 (steady) 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 

^in “ ^out 


m(h x + V x / 2) = m(h 2s + V£ v /2) (since W = Q = Ape = 0) 


h 2s = h \ 


vl -V? 


Then the isentropic exit velocity becomes 

y 2j = Vv t 2 +2 (*! -h 2s ) = 


\ 


(80 m/s) 2 +2(1068.89- 783. 92)kJ/kg 


^1000 m 2 /s 2 ^ 
TkJ/kg 


= 759.2 m/s 


Therefore, 


V 2a = J%V 2s = V(k92(759.2 m/s) = 728.2 m/s = 728 m/s 


The exit temperature of air is determined from the steady-flow energy equation, 

(728.2 m/s) 2 -(80 m/s) 


h 2a =1068.89 kJ/kg 

From the air table we read 

T la = 786 K 


' 2 r 1 kJ/kg ^ 


v 1000 m 2 /s 2 j 


= 806.95 kJ/kg 
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Entropy Balance 


7-92 


7-133E Refrigerant- 134a is expanded adiabatically from a specified state to another. The entropy generation is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis The rate of entropy generation within the expansion device during this process can be determined by applying the 
rate form of the entropy balance on the system. Noting that the system is adiabatic and thus there is no heat transfer, the 
entropy balance for this steady-flow system can be expressed as 


c _ 6 i c = ^0 (steady) 

°in °out " 1 ~ °gen system 

Rate of net entropy tnnsfer Rateof entropy Rateof change 

by heat and mass generation of entropy" 

m l s l -m 2 s 2 +S sen =0 

S gen =m(s 2 -s l ) 

s gen = s 2~ s \ 


R-134a 
100 psia 
100°F 


¥ 



10 psia 
sat. vapor 


The properties of the refrigerant at the inlet and exit states are (Tables A-l IE through A-13E) 


P x =100 psia 
T x = 100°F 


s x = 0.22902 Btu/lbm- R 


P 2 = 10 psia 

x 2 =1 


s 2 =0.22949 Btu/lbm- R 


Substituting, 

5" gen =S 2 -S X = 0.22949 - 0.22902 = 0.000475Btu/lbm R 
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7-93 


7-134 Oxygen is cooled as it flows in an insulated pipe. The rate of entropy generation in the pipe is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The pipe is well-insulated so that heat loss to the surroundings is 
negligible. 3 Changes in the kinetic and potential energies are negligible. 4 Oxygen is an ideal gas with constant specific 
heats. 


Properties The properties of oxygen at room temperature are R = 0.2598 kJ/kg-K, c p = 0.918 kJ/kg-K (Table A-2a). 

Analysis The rate of entropy generation in the pipe is determined by applying the rate form of the entropy balance on the 
pipe: 


o _ o , c _ac <^0 (steady) 

°in °out _l ~ °gen system 

Rate of net entropy tnnsfer Rateof entropy Rateof change 

by heat and mass generation of entropy" 

m x s x - m 2 s 2 + S gen = 0 (since Q = 0) 
An =m(s 2 - Si) 


Oxygen 

240 kPa 200 kPa 

20°C 18°C 

70 m/s 


The specific volume of oxygen at the inlet and the mass flow rate are 


RT { (0.2598 kPa-m 3 /kg-K)(293K) 3;1 

i/, = = = 0.3172 m /kg 

P x 240 kPa 


. A X V X ttD 2 V x 
m = = 

v \ 4(/ i 


^-(0. 12m) 2 (70 m/s) 
4(0.3172 m 3 /kg) 


= 2.496 kg/s 


Substituting into the entropy balance relation, 



m(s 2 ~s x ) 

r T, 


m 


c n In R In 

v ' T x 


Ei 

Pi 


i j 


(2.496 kg/s) 


(0.918 kJ/kg-K)ln 


291 K 
293 K 


(0.2598 kJ/kg-K)ln 


200 kPa 
240 kPa 


= 0.1025kW/K 
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7-94 


7-135 Nitrogen is compressed by an adiabatic compressor. The entropy generation for this process is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The compressor is well-insulated so that heat loss to the surroundings is 
negligible. 3 Changes in the kinetic and potential energies are negligible. 4 Nitrogen is an ideal gas with constant specific 
heats. 


Properties The specific heat of nitrogen at the average temperature of (25+290)/2=158°C = 431 K is c p = 1.047 kJ/kg-K 
(Table A-2b). Also, R = 0.2968 kJ/kg-K (Table A-2a). 


Analysis The rate of entropy generation in the pipe is determined by applying the rate form of the entropy balance on the 
compressor: 


c _ c 

° in °out 


+ 


gen 


system 


<^0 (steady) 


Rate of net entropy tnnsfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m x s x -m 2 s 2 +6gen = 0 (since Q = 0) 
S gea = m(s 2 -s,) 

Substituting per unit mass of the oxygen, 


S gen ~ S 2 S \ 

= c p In — 

1 r, 


-R In 


P i 


600 kPa 
290°C 



= (1.047 kJ/kg • K)ln 


(290 + 273) K 
(25 + 273) K 


(0.2968 kJ/kg • K)ln 


600 kPa 
100 kPa 


= 0.134kJ/kg K 
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7-95 


7-136 Heat is lost from the air that is being compressed in a compressor. The exit temperature of the air, the work input to 
the compressor, and the entropy generation during this process are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with constant specific heats. 

Properties The gas constant of air is R = 0.287 kPa.m /kg.K. Also, the specific heat at room temperature is c p = 1.005 
kJ/kg.K (Table A-2). 


Analysis {a) The exit temperature of the air may be determined from the relation for 
the entropy change of air 

T P 

AS...... = c n In— -Rln— 

all P rp p 

1 a\ M 

- 0.40 kJ/kg.K = (1.005 kJ/kg.K)ln ^ (0.287 kJ/kg.Kjln 8 °°- kf 7 

(22 + 273) K 100 kPa 

T 2 = 358.8 K = 85.8°C 

( b ) The work input to the compressor is obtained from an energy balance on the 
compressor 

w in = c p (T 2 -7]) + q out = (1.005 kJ/kg.°C)(85.8 - 22)°C + 120 kJ/kg = 1 84.1kJ/kg 


q 800 kPa 



(c) The entropy generation associated with this process may be obtained by adding the entropy change of air as it is 
compressed in the compressor and the entropy change of the surroundings 


Av 


SUIT 


^OUt 


T. 


SUIT 


120 kJ/kg = Q 4Q68 kJ/k K 
(22 + 273) K 


s„ en = As toVdl = As^j. + A s surr = -0.40 + 0.4068 = 0. 0068k J/kg.K 
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7-96 


7-137 A steam turbine for which the power output and the isentropic efficiency are given is considered. The mass flow rate 
of the steam, the temperature of the steam at the turbine exit, and the entropy generation are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Potential energy changes are negligible. 

Analysis (a) The properties of the steam at the inlet of the turbine and the enthalpy at the exit for the isentropic case are 
(Table A-6) 


P x = 7 MPa 
T x = 500°C 


h x - 341 1.4kJ/kg 
s Y = 6.8000 kJ/kg.K 


Steam, 7 MPa 


P 2 =100 kPa 
s 2 =5! =6.8000 kJ/kg.K 


jh 2s = 2466.6 kJ/kg 
The power output if the expansion was isentropic would be 


^ l^ = 5000kW =6494kW 


77t 


0.77 



An energy balance on the turbine for the isentropic process may be used to 
determine the mass flow rate of the steam 


m 


h x + 


Vi 


2^ 


m 


3411.4 kJ/kg + 


(45 m/s)" ( 1 kJ/kg A 
1000 m 2 /s 2 


= m 


= m 


h 2s + 


V 2 


2 ^ 


+w„ 


2466.6 kJ/k g + 


(75 m/s) Y 1 kJ/kg A 


1000 m 2 /s 2 


+ 6494 kW 


fit = 6.886kg/s 

( b ) An energy balance on the turbine for the actual process may be used to determine actual enthalpy at the exit 


m 


h x + 


VI 


2 ^ 


= m 


^2 + 


v 2 


2 ^ 


+w n 


(6.886 kg/s) 


341 1.4 kJ/kg + 


(45 m/s)' 


1 kJ/kg 


1000 m 2 /s 2 


= (6.886 kg/s) 
/*2 = 2683.5 kJ/kg 


h 2 + 


(75 m/s)' 


1 kJ/kg 


1000 m 2 /s 2 


+ 5000 kW 


Now, other properties at the exit state may be obtained 


P 2 = 100 kPa 
h 2 = 2683.5 kJ/kg 


To =103.7°C 


=7.3817 kJ/kg.K 

(c) Since the turbine is adiabatic, the entropy generation is the entropy change of steam as it flows in the turbine 
Sgen = rKs 2 -s{) = (6.886 kg/s)(7.3817 - 6. 8000) kJ/kg.K = 4.01kW/K 
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7-138 In an ice-making plant, water is frozen by evaporating saturated R-134a liquid. The rate of entropy generation is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis We take the control volume formed by the R-134a evaporator with a single inlet and single exit as the system. The 
rate of entropy generation within this evaporator during this process can be determined by applying the rate form of the 
entropy balance on the system. The entropy balance for this steady-flow system can be expressed as 


^ in S out 


+ 


gen 


system 


<PQ (steady) 


Rate of net entropy tnnsfer Rateof entropy Rateof change 

by heat and mass generation of entropy" 


m 1 s 1 -m 2 s 2 + 


Q i 


T 


m =0 


gen 


w 


Sgen =m R {s 2 -S x )- 


Qm 


5 gen - m R s fg 


T 


W 


Sin 


T, 


w 


R-134a 

-16°C 



-16°C 
sat. vapor 


The properties of the refrigerant are (Table A-l 1) 

hfg@- i6°c “ 210.18 kJ/kg 
s f g @- i6°c =0.8 1729 kJ/kg -K 


The rate of that must be removed from the water in order to freeze it at a rate of 4000 kg/h is 
Q. n = m w h if = (2500 / 3600 kg/s)(333.7 kJ/kg) = 23 1 .7 kW 


where the heat of fusion of water at 1 atm is 333.7 kJ/kg. The mass flow rate of R-134a is 


m R = 


2m 


231.7 kJ/s 


Substituting, 
S 


h fg 210. 18 kJ/kg 


= 1.103 kg/s 


gen — m R s fg 


Qm = (1 . 1 03 kg/s)(0. 8 1729 kJ/kg • K) - 23 1 - kW = 0.0528kW/K 


T. 


w 


273 K 
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7-139E Water and steam are mixed in a chamber that is losing heat at a specified rate. The rate of entropy generation during 
this process is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time at any point and thus A m cv = 0, AE C y = 0, 
and AScv = 0-2 There are no work interactions involved. 3 The kinetic and potential energies are negligible, ke = pe = 0. 
Analysis We take the mixing chamber as the system. This is a control volume since mass crosses the system boundary during 
the process. 

We note that there are two inlets and one exit. Under the stated assumptions and observations, the mass and energy 
balances for this steady-flow system can be expressed in the rate form as follows: 

Mass balance: 

710 (steady) _ q 


™in -W 0 ut = Am S y St em 


m m = m oui 


Energy balance: 

E„ -E 


in 


out 


-> m x + m 2 —m 3 


a p *0 (steady) _ ^ 
system u 


Rate of net energy tnnsfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

mA + m 2 h 2 = m 3 h 3 + Q out 
Combining the mass and energy balances gives 

Cout = A h \ + ™2 h 2 - Ah + m 2 )h 3 

The desired properties at the specified states are determined from the steam tables to be 
P x = 20 psia 

s x = s f @ 5 o°f - 0.03609 Btu/lbm- R 

h 2 =1162.3 Btu/lbm 
s 2 =1.7406 Btu/lbm- R 


T x = 50°F 

P 2 = 20 psia 
T 2 = 240°F 


P 3 = 20 psia 
T 3 = 130°F 


h 3 = h y @i 3 (fp =97.99 Btu/lbm 


s^=s 


f @ 1 30°F 


= 0.18174 Btu/lbm- R 


Substituting, 

180 Btu/min = [300 x 18.07 + m 2 x 1 162.3 - (300 + m 2 ) x 97.99]Btu/min — — >m 2 = 22.7 lbm/min 

The rate of entropy generation during this process can be determined by applying the rate form of the entropy balance on an 
extended system that includes the mixing chamber and its immediate surroundings so that the boundary temperature of the 
extended system is 70°F = 530 R: 


c _ c 

° in ‘-’out 


+ 


gen 


= AS. 


<P0 (steady) 


system 


Rate of net entropy tnnsfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m x s x -\-m 2 s 2 —m 3 s 3 


Q 


out 


Tu 


+ S gen - 0 


Substituting, the rate of entropy generation is determined to be 

Qout 


Sgen =rh 3 s 3 -m x s x - m 2 s 2 + 


Tu 


= (322.7 x 0.18174 - 300 x 0.03609 - 22.7 x 1.7406) Btu/min- R) + 


180Btu/min 


530 R 

= 8.65 Btu/min R 

Discussion Note that entropy is generated during this process at a rate of 8.65 Btu/min • R. This entropy generation is 
caused by the mixing of two fluid streams (an irreversible process) and the heat transfer between the mixing chamber and the 
surroundings through a finite temperature difference (another irreversible process). 
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7-140E Steam is condensed by cooling water in a condenser. The rate of heat transfer and the rate of entropy generation 
within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heat of water is 1.0 Btu/lbm.°F (Table A-3E). 

The enthalpy and entropy of vaporization of water at 150°F are h fg = 

1007.8 Btu/lbm and s fg = 1.6529 Btu/lbm.R (Table A-4E). 

Analysis We take the tube-side of the heat exchanger where cold water is 
flowing as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


^in ^out 

V 

Rate of net energy traisfer 
by heat, work, and mass 


A F 

^^system 


710 (steady) 


= 0 


Rate of changein internal, kinetic, 
potential, etc. energies 


-^in “ ^out 


<2 in + mh x = mh 2 (since Ake = Ape = 0) 
Gin =mc p (T 2 -T l ) 


Then the rate of heat transfer to the cold water in this heat exchanger becomes 


i 


Steam 

150°F 


(E 

<£ 

<£ 

(E 

(E 


E) 

2> 

2) 

2) 


ll 

I 


73°F 


60°F 


Water 


Q = [rhc p (T out - T in )] water = (44 lbm/sXl.O Btu/lbm.°F)(73°F - 60°F) = 572.0Btu/s 


Noting that heat gain by the water is equal to the heat loss by the condensing steam, the rate of condensation of the steam in 
the heat exchanger is determined from 


Q = (mkfg ) steam 


* 777 steam 



572.0 Btu/s 
1007.8 Btu/lbm 


= 0.5676 lbm/s 


(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


c _ c 

^in ^out 


+ 


gen 


^system 


<pQ (steady) 


Rate of net entropy tansfer Rateof entropy 

by heat and mass generation 


Rateof change 
of entropy 


m x s x + m 3 s 3 - m 2 s 2 - m 4 s 4 + S gen = 0 (since Q = 0) 

777 water “h + 777 steam‘ V 3 “ 777 water^2 “ 777 steanV V 4 + ^gen “ ^ 


^gen — 777 water ( l9 2 s 0 + 777 


steam 


O4 - ^3) 


Noting that water is an incompressible substance and steam changes from saturated vapor to saturated liquid, the rate of 
entropy generation is determined to be 

^gen — 777 water ^ p ^ 777 steam(‘^/ — ^ g ) — 777 water ^ p ^steam ^ fg 

1 \ 1 \ 

= (44 lbm/sXl.O Btu/lbm.R )ln 73 + 460 - (0.5676 lbm/s )(1. 6529 Btu/lbm.R) 

60 + 460 

= 0.148Btu/s.R 
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7-141 Water is heated in a heat exchanger by geothermal water. The rate of heat transfer to the water and the rate of entropy 
generation within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of water and geothermal fluid are given to be 4.18 and 4.31 kJ/kg.°C, respectively. 


Analysis (< a ) We take the cold water tubes as the system, which is a control volume. 
The energy balance for this steady-flow system can be expressed in the rate form as 


77 _ 77 _ a 77 ^0 (steady) _ ^ 

^in ^out _ ZAZZ 'system — u 

' V . ' V ' 

Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

Q m + mh x = mh 2 (since Ake = Ape = 0) 


Brine 

140°C 




Gi„ =mC p (T 2 -T l ) 


1 


60°C 


Then the rate of heat transfer to the cold water in the heat exchanger becomes 


Gin .water = = (0.50 kg/s)(4. 18 kJ/kg°C)(60°C - 25°C) = 73.15RW 


Noting that heat transfer to the cold water is equal to the heat loss from the geothermal water, the outlet temperature of the 
geothermal water is determined from 


Qoui [wiCp(7j n ^out)]geot. water’ 


->T =T - 

^ x out x in 


G 


out 


me 


p 


= 140°C - 


73.15 kW 


= 1 17.4°C 


(0.75 kg/s)(4.31kJ/kg.°C) 

( b ) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


c _ c 

°in ‘“’out 


+ 


gen 


= AS 


<p0 (steady) 


system 


Rate of net entropy tnnsfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m x s x + m 3 s 3 - m 2 s 2 - m 4 s 4 + S„ en = 0 (since Q = 0) 

^ water’ll ™geo s 3 ~ ^ water ^2 — f ^ l geo s 4 ^gen — ^ 

^gen = ^ water (^2 _ ^l) + ^geo^ _ ^ 3 ) 


Noting that both fresh and geothermal water are incompressible substances, the rate of entropy generation is determined to 
be 



, T 2 . , T 4 

m water c p ln ~ZT + m gto c p ln ~ 

I I 1 3 

/A r ) r J'J 1 1 n A 1 r ) r 7 r l 

(0.50 kg/s)(4. 18 kJ/kg.K)ln + (0.75 kg/s)(4.31kJ/kg.K)ln = 0.050kW/K 

25 + 273 140 + 273 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



7-101 


7-142 Ethylene glycol is cooled by water in a heat exchanger. The rate of heat transfer and the rate of entropy generation 
within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 

Properties The specific heats of water and ethylene glycol are given to be 4.18 and 2.56 kJ/kg.°C, respectively. 


Analysis (a) We take the ethylene glycol tubes as the system, 
which is a control volume. The energy balance for this steady- 
flow system can be expressed in the rate form as 


-^in ^out 


A F 

^^system 


710 (steady) 


= 0 


Cold water 
20°C 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

K = 4ut 

rhh x ~ Q out + mh^ (since Ake = Ape = 0) 
Q 0M = mc p (T\ -T 2 ) 

Then the rate of heat transfer becomes 


Hot glycol 

80°C 
2 kg/s 


i 

n 


LJ 

i 


2 


40°C 


55°C 


Gout = IfhCpOl n - 7; ut )]g lycol = (2 kg/s)(2.56 kJ/kg. o C)(80°C - 40°C) = 204.8RW 
The rate of heat transfer from water must be equal to the rate of heat transfer to the glycol. Then, 

Qin 


Gin [tilC p (T out T in )] wa t er 


^ m water 


c p(7< out -^n) 

204.8 kJ/s 

(4. 1 8 kJ/kg.°C)(55°C - 20°C) 


= 1.4 kg/s 


(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


c. _ c 

‘-'in ‘ J out 


+ 


gen 


= AS 


<+0 (steady) 


system 


Rate of net entropy tnnsfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


rh x s x + m 3 s 3 - rh 2 s 2 - m 3 s 4 + S = 0 (since Q = 0) 

hlgiycolh + ^ water ^3 — ^glycol^2 — ^ water ^4 ^gen — ^ 

^gen = ^glycojC^ _ ^l) + ^water ( S 4 ~ S 3^ 

Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is determined to be 

T 2 , „ ,t 4 


Sgen = ^glyco fp ln — + <aterS ln 


T 




40 + 273 55 + 273 

= (2 kg/s)(2.56kJ/kg.K)ln + (1.4 kg/s)(4. 18kJ/kg.K)ln- 


80 + 273 


20 + 273 


= 0.0446 kW/K 
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7-143 Oil is to be cooled by water in a thin- walled heat exchanger. The rate of heat transfer and the rate of entropy 
generation within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 

Properties The specific heats of water and oil are given to be 4.18 and 2.20 kJ/kg.°C, respectively. 


Analysis We take the oil tubes as the system, which is a 
control volume. The energy balance for this steady-flow 
system can be expressed in the rate form as 


-^in ^out 


A F 

'-^system 


710 (steady) 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

= K ut 

mh x = <2 out + mh 2 (since Ake = Ape = 0) 
2out = mc p (J\ -T 2 ) 

Then the rate of heat transfer from the oil becomes 


Cold water 




t 

kg/sj| 


Hot oil 
150°C 
2 


22°C | r 

1.5 kg/s 


1 


40°C 


Qout = [rric p (Tln -Won = (2kg/s)(2.2kJ/kg. o C)(150 o C-40 o C) = 484kW 

Noting that the heat lost by the oil is gained by the water, the outlet temperature of the water is determined from 

Q in — 484 kW 


Q'm [wiCp (T ou{ T m )] water 


->T = T + 

~-*out -*in ' 


= 20°C + 


me 


p 


(1.5 kg/s) (4. 18 kJ/kg.°C) 


= 99.2°C 


( b ) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


c _ e 

0 in ‘-’out 


+ s 


gen 


system 


<p0 (steady) 


Rate of net entropy tans fer Rateof entropy Rateof change 

by heat and mass generation of entropy" 

m l s l + m 3 s 3 - m 2 s 2 - tii 3 s 4 + S„ en = 0 (since 2 = 0) 

/7 ' 2 oil ,S l + ril water 1 ^3 — /; \)il‘ V 2 — /7 ' 2 water lV 4 + ^gen = ^ 

^gen = /72 oil(^2 _ s 0 + /72 water(^4 _ ^ 3 ) 

Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is determined to be 

T T 

Sgen = ™oifp ln ^f + '"water C p ln A 

1 3 

40 + 273 99 2+273 

= (2 kg/s)(2.2kJ/kg.K)ln + (1.5 kg/s)(4. 18kJ/kg.K)ln * 


150 + 273 


22 + 273 


= 0. 132 kW/K 
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7-144 A regenerator is considered to save heat during the cooling of milk in a dairy plant. The amounts of fuel and money 
such a generator will save per year and the annual reduction in the rate of entropy generation are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The properties of 
the milk are constant. 

Properties The average density and specific heat of milk can be taken 
to be /vi k = Av ater = 1 kg/L and c /? , mUk = 3.79 kJ/kg.°C (Table A-3). 

Analysis The mass flow rate of the milk is 
^milk = PV milk 

= (1 kg/L)(12 L/s) = 12 kg/s = 43,200 kg/h 

Taking the pasteurizing section as the system, the energy balance for this 
steady-flow system can be expressed in the rate form as 


I 


A 


Q 


^in ^out 


A F 

^^system 


7I() (steady) 


- 0 -+ E in - E out 


Hot milk 
72°C 


(£ 


2 > 


d 


2 ) 


(c 


2) 








Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 


U 

I 


4°C 


Cold milk 


<2 in + mh x — mh 2 (since Ake = Ape = 0) 

fin “ ^milk c p(^2 ~ T \) 

Therefore, to heat the milk from 4 to 72 °C as being done currently, heat must be transferred to the milk at a rate of 
Gcunent = ['«S( r pasturization “ ^Mgeration^milk = ( 12 kg/s)(3.79 kJ/kg.°C)(72 - 4)°C = 3093 kj/s 
The proposed regenerator has an effectiveness of 8 = 0.82, and thus it will save 82 percent of this energy. Therefore, 

Gsaved = -^current = (0.82)(3093 kJ / S) = 2536 kj / S 

Noting that the boiler has an efficiency of rj boiler = 0.82, the energy savings above correspond to fuel savings of 

t _ 1 Q saved (2536 kJ/s) (1 therm) _ . . 

7 bo iicr (0.82) ( 105,500 kJ) 

Noting that 1 year = 365x24=8760 h and unit cost of natural gas is $0. 52/therm, the annual fuel and money savings will be 
Fuel Saved = (0.02931 therms/s)(8760x3600 s) = 924,450 therms/yr 

Money saved = (Fuel saved)(Unit cost of fiiel) = (924,450 therm/yrX$ 1.30/ therm) = $1 ,201 ,800yr 

The rate of entropy generation during this process is determined by applying the rate form of the entropy balance on an 
extended system that includes the regenerator and the immediate surroundings so that the boundary temperature is the 
surroundings temperature, which we take to be the cold water temperature of 18°C.: 


c _ e 

°in °out 


+ 


5 


gen 


= AS 0 


<P0 (steady) 


system 


v c = S -V 

>-»gen ‘-'out ^in 


Rate of net entropy tnnsfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


Disregarding entropy transfer associated with fuel flow, the only significant difference between the two cases is the 
reduction is the entropy transfer to water due to the reduction in heat transfer to water, and is determined to be 


S = S 

u gen, reduction out, reduction 


Go 


u Reduction 


G s 


saved 


T 


SUIT 


z 


sum 


2536 kJ/s 
18 + 273 


= 8.715 kW/K 


^gen, reduction = ^ g en, reduction^ = (8.7 15 kJ/s. K)(8760 x 3600 s/year) = 2.75 x Hr kJ/K (per year) 
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7-145 An egg is dropped into boiling water. The amount of heat transfer to the egg by the time it is cooked and the amount 
of entropy generation associated with this heat transfer process are to be determined. 

Assumptions 1 The egg is spherical in shape with a radius of r 0 = 2.75 cm. 2 The thermal properties of the egg are constant. 
3 Energy absorption or release associated with any chemical and/or phase changes within the egg is negligible. 4 There are 
no changes in kinetic and potential energies. 

Properties The density and specific heat of the egg are given to be p = 1020 kg/m and c p = 3.32 kJ/kg.°C. 

Analysis We take the egg as the system. This is a closes system since no mass enters or leaves the egg. The energy balance 
for this closed system can be expressed as 


^in ^out 

V, J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

^-Hystem 

V J 

V 

Changein internal, kinetic, 
potential, etc. energies 


Gin = A[/ egg = m(u 2 -Ui) = mc(T 2 - ) 


Then the mass of the egg and the amount of heat transfer become 

u kD ^ /i mm / 3x ^(0.055 m) 3 nnQQ01 
m = pv = p = (1020 kg/m ) = 0.0889 kg 

6 6 

Q in = me p (T 2 -T { ) = (0.0889 kg)(3.32 kJ/kg.°C)(70 - 8)°C = 18.3 kj 


Boiling 

water 



We again take a single egg as the system The entropy generated during this process can be determined by applying an 
entropy balance on an extended system that includes the egg and its immediate surroundings so that the boundary 
temperature of the extended system is at 97 °C at all times: 


where 


c _ c 

°in ^out 


+ 5 


gen 


= AS 


system 


Net entropy tnnsfer Entropy Change 
by heat and mass generation in entropy 

Q 


— + S = AS 

rji ^gen ^system 

1 b 


-> S™ = 


gen 


On. 

Tu 


+ AS 


system 


T 


AS system = m(s 2 -s x ) = mc w% In— = (0.0889 kg)(3.32kJ/kg.K) In 


7i 


70 + 273 
8 + 273 


= 0.0588 kJ/K 


Substituting, 

Sgen = + A5 system = + 0.0588 kJ/K = 0.00934 kJ/K (per egg) 

1 1 , J /U Jv 
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7-146 Chickens are to be cooled by chilled water in an immersion chiller that is also gaining heat from the surroundings. The 
rate of heat removal from the chicken and the rate of entropy generation during this process are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Thermal properties of chickens and water are constant. 3 The 
temperature of the surrounding medium is given to be 25 °C. 

Properties The specific heat of chicken is given to be 3.54 kJ/kg.°C. The specific heat of water at room temperature is 4. 18 
kJ/kg.°C (Table A-3). 


Analysis (a) Chickens can be considered to flow steadily through 
the chiller at a mass flow rate of 


^chicken = (250 chicken/h) (2. 2 kg/chicken) = 550 kg/h = 0. 1528 kg/s 


Taking the chicken flow stream in the chiller as the system, the energy 
balance for steadily flowing chickens can be expressed in the rate form as 



v 

R ate o f n et en erg y transfer 
by heat, work, and mass 


A 77 7,0 ( stead y) - O v f - f 

ZA Asystem u ^ ^in 

V, J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= Gout + ,ilh 2 


(since Ake = Ape = 0) 


Gout ~ Gchicken ” m chicken C p (^1 ^ 2 ) 


Immersion 

chilling, 



Then the rate of heat removal from the chickens as they are cooled from 15°C to 3°C becomes 
Gchicken p AT) chicken = (0- 1528 kg/s)(3.54 kJ/kg.°C)(15 -3fC = 6.49 kW 


The chiller gains heat from the surroundings as a rate of 150 kJ/h = 0.0417 kJ/s. Then the total rate of heat gain by the water 
is 


Gwater = thicken + Gheatgain = 6-49 + 0.0417 = 6.532 kW 

Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass flow rate of water must 
be at least 


in 


Q 


water 


water 


0 c p AT ) 


water 


6.532 kW 

(4. 1 8 kJ/kg.°C)(2° C) 


= 0.781 kg/s 


(b) The rate of entropy generation is determined by applying the entropy balance on an extended system that includes the 
chiller and the immediate surroundings so that boundary temperature is the surroundings temperature: 


5"in ^out 


+ 


gen 


= AS 0 


<^0 (steady) 


system 


Rate of net entropy tansfer Rateof entropy 
by heat and mass generation 

m l s l + m 3 s 3 - m 2 s 2 ~ rh 3 s 4 + - + A cen = 0 


Rateof change 
of entropy 


z 


SUIT 


G 


m chicken 5 l + m water ^3 m chicken^2 m water^4 + ^ + ^gen “ 0 


T 


sum 


^gen “ ^chicken s 0 + ^water ( s 4 s 3^ 


Gm 
T 


sun - 


Noting that both streams are incompressible substances, the rate of entropy generation is determined to be 


T T Q 

5gen — ^chicken*'/? ^ ^ water*'/? ^ ~ 

h 1 3 -'suit 

0^7/^ 0^7^ c a (\A 1 ^7 1 WT 

= (0. 1528 kg/s)(3.54 kJ/kg.K)ln— + (0.781 kg/s)(4. 18 kJ/kg.K)ln— 

288 273.5 298 K 

- 0.000625 kW/K 
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7-147 Carbon steel balls are to be annealed at a rate of 2500/h by heating them first and then allowing them to cool slowly in 
ambient air at a specified rate. The total rate of heat transfer from the balls to the ambient air and the rate of entropy 
generation due to this heat transfer are to be determined. 

Assumptions 1 The thermal properties of the balls are constant. 2 There are no changes in kinetic and potential energies. 3 
The balls are at a uniform temperature at the end of the process 

Properties The density and specific heat of the balls are given to be p = 7833 kg/nr and c p = 0.465 kJ/kg.°C. 

Analysis ( a ) We take a single ball as the system. The energy balance for this closed system can be expressed as 


E- m E 0 ul A-^system 

V V ' V V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-2out= A t / ball = '«(M2-«l) 

Q out = mc<T l -T 2 ) 

The amount of heat transfer from a single ball is 


Furnace 



Air, 35°C 

Steel balls, 900°C 

► 


oooooo 


u ^ no«i / 3 n tt( 0.008 m) 3 nnnoim 
m = pv = p = (7833 kg/m ) = 0.00210 kg 

6 6 

Q oui = mc p (T x - T 2 ) = (0.0021 kg)(0.465 kJ/kg.°C)(900 - 100)°C = 781 J = 0.781kJ (per ball) 


Then the total rate of heat transfer from the balls to the ambient air becomes 


Gout = ^baiiGout = (2500 balls/h)x (0.781 kJ/ball) = 1,953 kJ/h = 542 W 


(b) We again take a single ball as the system The entropy generated during this process can be determined by applying an 
entropy balance on an extended system that includes the ball and its immediate surroundings so that the boundary 
temperature of the extended system is at 35 °C at all times: 



Net en tro p y tnn s fer En tro p y 

by heat and mass generation 


system 

V, J 

V 

Change 
in entropy 


Q 


■out , C _ AC V C - 

^gen ^system *^gen 


a 


T, 


ou!_l AC 

t cvo syst em 

1 b 


where 


system m(s 2 



(0.00210 kg)(0.465 kJ/kg.K)ln 


100 + 273 
900 + 273 


-0.001 12 kJ/K 


Substituting, 

A ,c„ =%^ + AS system = - 0.001 12 kJ/K = 0.00142 kJ/K (per ball ) 

I 3Uo in. 

Then the rate of entropy generation becomes 

Sgen = ^gen^baii = (0.00142 kJ/K • ball)(2500 balls/h) = 3.55 kJ/h.K= 0.986 W/K 
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7-148E Large brass plates are heated in an oven at a specified rate. The rate of heat transfer to the plates in the oven and the 
rate of entropy generation associated with this heat transfer process are to be determined. 

Assumptions 1 The thermal properties of the plates are constant. 2 The changes in kinetic and potential energies are 
negligible. 

Properties The density and specific heat of the brass are given to be p = 532.5 lbm/ft 3 and c p = 0.091 Btu/lbm.°F. 

Analysis We take the plate to be the system. The energy 
balance for this closed system can be expressed as 

fin ~ gput — ^^system 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential,etc. energies Plates 

Gin = Opiate = m(ll 2 ~ «l) = mc(T l ~ T \) 75°F 

The mass of each plate and the amount of heat transfer to each plate is 

m = pV = pLA = (532.5 lbm/ft 3 )[(1.2 /12ft )(2 ft)(2 ft)] = 213 lbm 
Q. n = mc(T 2 ~T ] ) = (213 lbm/plate)(0.09 1 Btu/lbm.°F)(1000 - 75)°F = 17,930 Btu/plate 
Then the total rate of heat transfer to the plates becomes 

Qtotai = fiiateGin, per plate = (450 plates/min) x (17,930 Btu/plate) = 8,069, OOOBtu/min = 134,500Btu/s 



We again take a single plate as the system. The entropy generated during this process can be determined by applying an 
entropy balance on an extended system that includes the plate and its immediate surroundings so that the boundary 
temperature of the extended system is at 1300°F at all times: 


where 


c _ c 

°in ‘-'out 


+ 5 


gen 


= AS 


system 


Net entropy tens fer Entropy Change 

by heat and mass generation in entropy 


Q\ 


T, 


m , C _ AC 

^gen ^system 


^ fien 


a 


T, 


in -+■ A V 

T ^AO S y Stem 


T 


A5 system = m(s 2 - s x ) = mc. dWg In — = (213 lbm)(0.091 Btu/lbm.RJn 


7i 


1000 + 460 
75 + 460 


= 19.46 Btu/R 


Substituting, 


S = + A5' svstem = — 1^^930 Btu + y) Btu/R = 9.272 Btu/R (per plate) 

gen T ^ system 130 0 + 460R 


Then the rate of entropy generation becomes 

^en ~ fien^baii = (9.272 Btu/R • plate)(450 plates/min) = 4172Btu/min.R= 69.5 Btu/s.R 
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7-149 Long cylindrical steel rods are heat-treated in an oven. The rate of heat transfer to the rods in the oven and the rate of 
entropy generation associated with this heat transfer process are to be determined. 

Assumptions 1 The thermal properties of the rods are constant. 2 The changes in kinetic and potential energies are 
negligible. 

Properties The density and specific heat of the steel rods are given to be p = 7833 kg/m and c p = 0.465 kJ/kg.°C. 

Analysis (a) Noting that the rods enter the oven at a velocity of 3 m/min and exit at the same velocity, we can say that a 3-m 
long section of the rod is heated in the oven in 1 min. Then the mass of the rod heated in 1 minute is 


m = pi/ = pLA = pL(nD 9 / 4) 

= (7833 kg/m 3 )(3 mMO.lm) 2 / 4] 

= 184.6 kg 

We take the 3-m section of the rod in the oven as the system. The energy 
balance for this closed system can be expressed as 

fin ~ £out — ^fistem 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Qm = AU rod = m ( u 2 -«l) = ™C<J 2 -7]) 



Substituting, 

Q m = mc(T 2 -TJ) = (1 84.6 kg)(0.465 kJ/kg.°C)(700 - 30)°C = 57,512 kJ 
Noting that this much heat is transferred in 1 min, the rate of heat transfer to the rod becomes 
Q m = Q m /At = (57,5 12 kJ)/(l min) = 57,512kJ/min = 958.5kW 


(. b ) We again take the 3-m long section of the rod as the system. The entropy generated during this process can be 
determined by applying an entropy balance on an extended system that includes the rod and its immediate surroundings so 
that the boundary temperature of the extended system is at 900°C at all times: 


where 


c _ c 
* J in * J out 


+ 5 


gen 


= AS 


system 


Net entropy tnnsfer Entropy Change 
by heat and mass generation in entropy 


Q 


T, 


m , c _ AC 

^ ‘-’gen system 


-+ = 


gen 


Gm 

Tu 


+ AS 


system 


^system = m (s 2 - Sj) = mc w% 


t 70Q _i_ ?73 

In — = (184.6 kg)(0.465 kJ/kg.K)ln = 100.1 kJ/K 


7i 


30 + 273 


Substituting, 

c 

^gen 


On 

T b 


+ AS 


system 


57,512kJ 
900 + 273 K 


+ lOO.lkJ/K = 51.1kJ/K 


Noting that this much entropy is generated in 1 min, the rate of entropy generation becomes 

Ln = — = 5LlkJ/K = 51.1kJ/min.K= 0.85 kW/K 
s At lmin 
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7-150 The inner and outer surfaces of a brick wall are maintained at specified temperatures. The rate of entropy generation 
within the wall is to be determined. 


Assumptions Steady operating conditions exist since the surface temperatures of the wall remain constant at the specified 
values. 


Analysis We take the wall to be the system, which is a closed 
system. Under steady conditions, the rate form of the entropy 
balance for the wall simplifies to 


^in ^out 

e 

gen 

-AC 

^ system 

Rate of net entropy tnnsfer Rateof entropy 

V 

Rateof change 

by heat and mass 

generation 

of entropy 

Q\n Qoui 

-1- S 

= 0 

^b,in ^b,out 

1 u gen,' wall 

1250 W 1250 W 

_i_ C 

= 0 

289 K 277 K 

u gen,' wall 


C 

gen, wall 

= 0.187 W/K 


= 0 



4°C 


Therefore, the rate of entropy generation in the wall is 0.187 W/K. 
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7-151E A cylinder contains saturated liquid water at a specified pressure. Heat is transferred to liquid from a source and 
some liquid evaporates. The total entropy generation during this process is to be determined. 

Assumptions 1 No heat loss occurs from the water to the surroundings during the process. 2 The pressure inside the cylinder 
and thus the water temperature remains constant during the process. 3 No irreversibilities occur within the cylinder during 
the process. 

Analysis The pressure of the steam is maintained constant. Therefore, the temperature of the steam remains constant also at 
T =r sa t @ 40psia = 267. 2°F = 727.2 R (Table A-5E) 


Taking the contents of the cylinder as the system and noting that the 
temperature of water remains constant, the entropy change of the system 
during this isothermal, internally reversible process becomes 


AS 


system 


^sysjn 

T 

sys 


600 Btu 
727.2 R 


= 0.8251 Btu/R 


Similarly, the entropy change of the heat source is determined from 


AS 


source 


^source, out 

T 

source 


600 Btu 
1000 + 460 R 


-0.41 10 Btu/R 



Now consider a combined system that includes the cylinder and the source. Noting that no heat or mass crosses the 
boundaries of this combined system, the entropy balance for it can be expressed as 

c _ c + c = AS 
‘-'in ‘-'out 1 ‘-'gen ^‘-'system 

Net entropy tnnsfer Entropy Change 

b y h eat an d mas s g en eratio n in en tro p y 

0 + Sg en tota j — AS water + AS source 

Therefore, the total entropy generated during this process is 

V-touu = AS water + AS souroe = 0.8251 - 0.41 10 = 0.41 4Btu/R 

Discussion The entropy generation in this case is entirely due to the irreversible heat transfer through a finite temperature 
difference. We could also determine the total entropy generation by writing an energy balance on an extended system that 
includes the system and its immediate surroundings so that part of the boundary of the extended system, where heat transfer 
occurs, is at the source temperature. 
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7-152E Steam is decelerated in a diffuser from a velocity of 900 ft/s to 100 ft/s. The mass flow rate of steam and the rate of 
entropy generation are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
There are no work interactions. 


Properties The properties of steam at the inlet and the exit of the diffuser are (Tables 


A-4E through A-6E) 


P l = 20 psia 
T { = 240°F 

T 2 = 240°F 
sat. vapor 


h { = 1 162.3 Btu/lbm 
.s-j = 1.7406 Btu/lbm- R 
h 2 = 1160.5 Btu/lbm 
>s 2 =1.7141 Btu/lbm- R 
i/ 2 = 16.316 ft 3 /lbm 


Analysis (a) The mass flow rate of the steam can be 
determined from its definition to be 


Q 



P, 


V! = 900 ft/s 


T 2 = 240°F 
Sat. vapor 
V 2 = 100 ft/s 
= i ft 2 


m = — A, V, = E (l ft 2 VlOO ft/s ) = 6.1 29 lbm/s 

‘ 16.316 ft 3 /lbm V A 


(b) We take diffuser as the system, which is a control volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
byheat, work,andmass 


a p *0 (steady) 
^''system 

V J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


= 0 


^in “ ^out 


m(h x + V x / 2) - Q out = m(h 2 + V 2 H) (since W = Ape = 0) 


Gout = 


!h + 




Substituting, the rate of heat loss from the diffuser is determined to be 
Q oui = -(6. 129 lbm/sf 1 1 60. 5 - 1 1 62. 3 + l 1 00 ^9 -(900 ft/s) 


2f 1 Btu/lbm '' 


25,037 ft 2 /s 2 


= 108.42 Btu/s 


J) 


The rate of total entropy generation during this process is determined by applying the entropy balance on an extended system 
that includes the diffuser and its immediate surroundings so that the boundary temperature of the extended system is 77 °F at 
all times. It gives 


c _ e 

°in ‘-’out 


+ 


gen 


— AC — 0 

— S y S tem — u 


Rate of net entropy tnnsfer Rateof entropy Rateof change 

by heat and mass generation of entropy" 


ms l - ms 2 - 


+ s = 0 


J gen 

1 b,suir 


Substituting, the total rate of entropy generation during this process becomes 

S = m(s 2 - Sj)+ -EhL = (6. 129 lbm/s)(l.7141- 1.7406)Btu/lbm- R + 108 ' 42 Btu/S 


= 0.0395 Btu/s -R 


T 

1 b,surr 


537 R 
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7-153 Steam is accelerated in a nozzle from a velocity of 55 m/s to 390 m/s. The exit temperature and the rate of entropy 
generation are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 

Properties From the steam tables (Table A-6), 


P x = 2 MPa 
T x = 350°C 


. h x =3137.7 kJ/kg 
>s x = 6.9583 kJ/kg -K 
J i/j = 0. 13860 m 3 /kg 


Analysis {a) There is only one inlet and one exit, and thus m x = m^ — m . We take nozzle as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in £out 


AE C 


7I() (steady) 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 


m(h x + Vf / 2) = m(h 2 + V 2 /2) (since Q = W = Ape = 0) 
0 = h 2 - h x 


v o 2 -v, 2 


p i = 

T\ = 
V 1 = 



0.8 MPa 
390 m/s 


Substituting, 


h 2 =3137.7 kJ/kg 


(390 m/s) 2 - (55 m/s) 2 
2 


1 kJ/kg 

v 1000m 2 /s 2 y 


= 3063.1 kJ/kg 


Thus, 

P 2 =0.8 MPa 1 T 2 =303°C 
h 2a = 3063. 1 kJ/kg J s 2 = 7.2454 kJ/kg • K 

The mass flow rate of steam is 

m = — A,V, = — (7.5 x 10 _4 m 2 ](55 m/s) = 0.2976 kg/s 

i'l 0. 13860 m 3 /kg 


(b) Again we take the nozzle to be the system. Noting that no heat crosses the boundaries of this combined system, the 
entropy balance for it can be expressed as 

S'-S' -u v - a S’ ^°-0 

°in °out T °gen ^system u 

Rate of net entropy tnnsfer Rateof entropy Rateof change 
by heat and mass generation of entropy & 

ms x - ms 2 + S„ en =0 

^gen = m (s 2 - S\ ) 


Substituting, the rate of entropy generation during this process is determined to be 

.S'g Cn = m(s 2 -S ] ) = (o. 2976 kg/sX7. 2454 — 6.9583)kJ/kg • K = 0.0854k W/K 
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7-154 Steam expands in a turbine from a specified state to another specified state. The rate of entropy generation during this 
process is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 


Properties From the steam tables (Tables A-4 through 6) 


P X =S MPa 
T x = 500°C 

P 2 = 40 kPa 
sat. vapor 


/ij — 3399.5 kJ/kg 
> s l = 6.7266 kJ/kg -K 

h 2 = 2636.1 kJ/kg 
* s 2 = 7.6691 kJ/kg -K 


Analysis There is only one inlet and one exit, and thus ri\ = rr^ = m . We 

take the turbine as the system, which is a control volume since mass crosses 
the boundary. The energy balance for this steady-flow system can be 
expressed in the rate form as 

F _ f - a/ 7 710 ( stead y) _ n 

^in ^out ^-^system w 

V v ' . v V ' 

Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 


Px = 8 MPa 
T x = 500°C 



ZZ 

8.2 MW 


P 2 = 40 kPa 
sat. vapor 


=Gout + ^out + ^ / *2 
2out = ™(Jh ~Hi)~ Wont 


Substituting, 

Q out = (40,000/3600 kg/s)(3399.5 - 2636. l)kJ/kg - 8200 kJ/s = 282.6 kJ/s 

The rate of total entropy generation during this process is determined by applying the entropy balance on an extended system 
that includes the turbine and its immediate surroundings so that the boundary temperature of the extended system is 25 °C at 
all times. It gives 

c _ c 4. v = — o 

°in °out ' °gen system V7 

Rate of net entropy tnnsfer Rateof entropy Rateof change 
by heat and mass generation of entropy" 

ms l -ms 2 -y^- + S sen = 0 

1 b,surr 

Substituting, the rate of entropy generation during this process is determined to be 

Sgen = m(s 2 — s , ) + = (40,000/3600 kg/s)(7.669l - 6.7266)kJ/kg ■ K + 282 ' 6kW =11.4 kW/K 

.sun 298 K 
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7-155 A hot water stream is mixed with a cold water stream. For a specified mixture temperature, the mass flow rate of cold 
water stream and the rate of entropy generation are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The mixing chamber is well-insulated so that heat loss to the 
surroundings is negligible. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 

Properties Noting that T < T sat @ 200 kPa = 120.21°C, the water in all three streams exists as a compressed liquid, which can be 
approximated as a saturated liquid at the given temperature. Thus from Table A-4, 


P x = 200 kPa 1 h x = h f@w = 293.07 kJ/kg 
7, = 70°C J *1 = * /@wc = 0.9551 kJ/kg • K 


P 2 = 200 kPa 1 h 2 = h /@2ffc = 83.91 kJ/kg 
T 2 = 20°C J *2 = * /@ 2 o"c = °' 2965 kJ/k § ' K 


P 3 = 200 kPa 1 h 3 = h fmTQ = 175.90 kJ/kg 
T 3 = 42 °C j * 3 = @4 2 °c = °' 5990 kJ/k 8 ' K 




Analysis (a) We take the mixing chamber as the system, which is a control volume. The mass and energy balances for this 
steady-flow system can be expressed in the rate form as 

Mass balance: m in - m out = A£’ system 7, ° (steady) = 0 » m x + 

Energy balance: 

J 7 . _ F - A 77 7,0 ( stead y) _ (~) 

^in ^out ^-^system w 

' ' . ' V ' 

Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 

^in = ^out 

mh x + rh 2 h 2 = m 3 h 3 (since Q = W = Ake = Ape = 0) 

Combining the two relations gives 
m x h x + m 2^2 = 

Solving for and substituting, the mass flow rate of cold water stream is determined to be 


m 2 = 


h x — h 3 
h 3 - h 2 



(293.07 -175.90)kJ/kg 
(175.90- 83.91)kJ/kg 


(3.6 kg/s) = 4.586 kg/s 


Also, 


m 3 —m x +m 2 =3.6 + 4.586 = 8. 186 kg/s 

( b ) Noting that the mixing chamber is adiabatic and thus there is no heat transfer to the surroundings, the entropy balance of 
the steady-flow system (the mixing chamber) can be expressed as 

S’-S' -u V - A S' — o 

J in ^otit ' ^gen system w 

Rate of net entropy tnnsfer Rateof entropy Rateof change 
by heat and mass generation of entropy" 

+ w 2 .v 2 - m 3 s 3 + 5 gen = 0 

Substituting, the total rate of entropy generation during this process becomes 

5gen =m i s 3 -m 2 S 2 -m l s x 

= (8. 186 kg/s)(0.5990 kJ/kg • K)- (4.586 kg/sXo.2965 kJ/kg - K)- (3.6 kg/s)(0.9551 kJ/kg • k) 

= 0.1054kW/K 
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7-156 Liquid water is heated in a chamber by mixing it with superheated steam. For a specified mixing temperature, the 
mass flow rate of the steam and the rate of entropy generation are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 

Properties Noting that T < r sat @ 200 kPa = 120.21°C, the cold water and the exit mixture streams exist as a compressed liquid, 
which can be approximated as a saturated liquid at the given temperature. From Tables A-4 through A-6, 

h \ = h f @i5°c = 62 - 98 kJ/k S 

= 0.2245 kJ/kg • K 


P x = 200 kPa 


T x = 15°C 


P 2 = 200 kPa 
T 2 = 150°C 

P 3 = 200 kPa 
T 3 = 80°C 


s* = s 


/ @ 1 5 c 


1200 kJ/min 


h 2 = 2769. 1 kJ/kg 
s 2 = 7.2810 kJ/kg -K 


h 3= h f mo°c - 335.02 kJ/kg 
^3 — @ 80 °c = 1 •0756 kJ/k g • K 




( 2 > 


Analysis (a) We take the mixing chamber as the system, 
which is a control volume. The mass and energy balances for 
this steady-flow system can be expressed in the rate form as 

Mass balance: m in - m out = Am system 710 (steddy) = 0 » m x + m 2 = m 3 

Energy balance: 


^5^ 

7 


4.3 kg/s 

MIXING 



CHAMBER 

80°C^ 

j 150°C^ 

200 kPa 

2 


^in ^out 


A F 

^-^system 


<p0 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 

m x h x + m 2 h 2 = Q out + m 3 h 3 
Combining the two relations gives 

Qo ut = > h \ h \ + ™2 ,l 2 - + "h ) h 3 = " ! l( /; l -/%)+ "hi 11 ! - h 3 ) 

Solving for and substituting, the mass flow rate of the superheated steam is determined to be 
Qout - m \ (^1 - h 3 ) (1200/60kJ/s) - (4.3 kg/s)(62.98 - 335.02 )kJ/kg 


JTln = 


h 2 -h 3 


(2769.1- 335. 02)kJ/kg 
Also, m 3 =m x +m 2 =4. 3 + 0.4806 = 4. 781 kg/s 


= 0.4806kg/s 


( b ) The rate of total entropy generation during this process is determined by applying the entropy balance on an extended 
system that includes the mixing chamber and its immediate surroundings so that the boundary temperature of the extended 
system is 25 °C at all times. It gives 

+o 


^in ^out 


+ 


gen 


= AS. 


system 


= 0 


Rate of net entropy tansfer Rateof entropy Rateof change 

by heat and mass generation of entropy" 


m x s x + m 2 s 2 - m 3 s 3 


a 


+^ + S g en=0 

1 b,suir 


Substituting, the rate of entropy generation during this process is determined to be 

Qoui 


Sgen =™ 3 S 3 ~™2 S 2 “ >Vl + 


r, 


b,surr 


= (4.781 kg/s)(l.0756 kJ/kg • K)- (0.4806kg/s)(7.2810 kJ/kg • K) 

- (4.3 kg/sX0.2245 kJ/kg ■ K)+ a200/60kj/s> 
v a a 7 293 K 

= 0.746kW/K 
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7-157 A rigid tank initially contains saturated liquid water. A valve at the bottom of the tank is opened, and half of mass in 
liquid form is withdrawn from the tank. The temperature in the tank is maintained constant. The amount of heat transfer and 
the entropy generation during this process are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be 
verified). 


Properties The properties of water are (Tables A-4 through A-6) 

3 

. I/, = l/__ 0 ^ =U.UUlUOU III 

T x = 120°C 


sat. liquid 


T e = 120°C 
sat. liquid 


= v f@m°c = 0.001060 m /kg 
s- «i =u f(aiin . r =503.60kJ/kg 


7 @ 120 °c 
/ @ 1 20 ° c 


*1 =1-5279 kJ/kg.K 


h e = h f @i'2o°c = 503.81 kJ/kg 
s « =s /@i 20 “c = L5279 kJ/kg-K 



Q 


Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 

"'in ~ "'out = ^'system m e = m \ ~ 


Energy balance : 


^in - ^out 


A E B 


system 


Net energy trmsfer Changein intemal,kinetic, 
by heat, work, and mass potential, etc. energies 

Gin = m eK + m 2 u 2 ~ m \ u \ (since W = ke = pe = 0) 
The initial and the final masses in the tank are 


V 


0.18m 


lm = — = 


m 


— = 169.76 kg 
<7 0.001060 m J /kg 

= -m x =- (169.76 kg) = 84.88 kg = / 


2 2 

Now we determine the final internal energy and entropy, 

1/ 0.18 m 3 , 

i/o = = = 0.002121 m/kg 


x 2 = 


m 2 84.88 kg 

<^2 -Vf 0.002121-0.001060 
0.8913-0.001060 


= 0.001191 


v 


fg 


T 2 =120°C 
jc 2 =0.001191 


Uo = Uf + X 


■ 2 m f g = 503.60+ (o. 001 19 ^2025 . 3) = 5 06. 0 1 kJ/kg 


}s 2 =Sf +X 2 s fg =1.5279 + (0. 001 19l)(5. 6013)= 1.5346 kJ/kg • K 

The heat transfer during this process is determined by substituting these values into the energy balance equation, 
Gin =m e h e +m 2 u 2 -m x ii x 

= (84.88kg)(503.81 kJ/kg) + (84.88 kg)(506.01 kJ/kg) - (169.76 kg )(503.60 kJ/kg) 

= 222.6 kJ 


( b ) The total entropy generation is determined by considering a combined system that includes the tank and the heat source. 
Noting that no heat crosses the boundaries of this combined system and no mass enters, the entropy balance for it can be 
expressed as 
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^in ^out ^gen ^^system ^ m e S e ^gen ^^tank ^^source 

Net entropy tan sfer Entropy Change 

b y h eat an d mas s gen eratio n in en trap y 


Therefore, the total entropy generated during this process is 


Sgen = m e S e + A5 tank + A5 source = m e S e + ( m 2 s 2 ~ m l s 0 ~ 


Q 


source,out 


T 


source 


= (84.88 kg Xl. 5279 kJ/kg • K)+ (84.88 kg)(l.5346 kJ/kg • K) 

/ v \ 222.6 kJ 

- (169.76 kg Yl. 5279 kJ/kg • K) 

v A 7 (230 + 273) K 


= 0.1237kJ/K 
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7-158E An unknown mass of iron is dropped into water in an insulated tank while being stirred by a 200-W paddle wheel. 
Thermal equilibrium is established after 10 min. The mass of the iron block and the entropy generated during this process 
are to be determined. 

Assumptions 1 Both the water and the iron block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energy changes are zero. 3 The system is well- 
insulated and thus there is no heat transfer. 


Properties The specific heats of water and the iron block at room temperature are c Pt wate r = 1-00 Btu/lbm.°F and c Pf iron = 
0.107 Btu/lbm.°F (Table A-3E). The density of water at room temperature is 62.1 lbm/ft 3 . 

Analysis (a) We take the entire contents of the tank, water + iron block, as the system. This is a closed system since no mass 
crosses the system boundary during the process. The energy balance on the system can be expressed as 


or, 


where 


^in ^out 

s. J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

'-^system 

v. J 

V 

Changein internal, kinetic, 
potential, etc. energies 


%w,in - A U 


^pw,in Af/j ron + AU water 

W pw ,in =\mc{T 2 -T,)l iron +[mc(T 2 — ^ )] water 



m water = p V = (62. 1 lbm/ft 3 )(o. 8 ft 3 ) = 49.7 lbm 


Wp W = W pw Af = (0.2 kJ/sX10 x 60 s) 


r lBtu N 
1.055 kJ 


= 113.7 Btu 


Using specific heat values for iron and liquid water and substituting, 

1 13.7 Btu = « 2 iron (0.107 Btu/lbm°F)(75 -185)°F + (49.7 lbm)(1.00 Btu/lbm°F)(75 -70)°F 

m iron = 11.4 lbm 


(b) Again we take the iron + water in the tank to be the system. Noting that no heat or mass crosses the boundaries of this 
combined system, the entropy balance for it can be expressed as 

^in ~ ^out ^gen — system 

Net entropy tnnsfer Entropy Change 
by heat and mass generation in entropy 

0 + 5 g en?total — AS iron + AS water 


where 


A5 iron = mc avg lm 


r T \ 

zl 

\ T \J 


= (l 1.4 lbm)(0. 107 Btu/lbm- R)ln 


A 5 water me aV g In 


f2 

\ T \J 


= (49.6 lbm)(l.O Btu/lbm- R)ln 


^535 R 
V 645 R 

535 R^ 
530 R y 




j 


= -0.228 Btu/R 


= 0.466 Btu/R 


Therefore, the entropy generated during this process is 

AS total = S gen = A5 iron + A5 water = -0.228 + 0.466 - 0.238 Btu/R 


gen 


iron 
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Special Topic: Reducing the Cost of Compressed Air 
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7-159 The total installed power of compressed air systems in the US is estimated to be about 20 million horsepower. The 
amount of energy and money that will be saved per year if the energy consumed by compressors is reduced by 5 percent is to 
be determined. 

Assumptions 1 The compressors operate at full load during one -third of the time on average, and are shut down the rest of 
the time. 2 The average motor efficiency is 85 percent. 

Analysis The electrical energy consumed by compressors per year is 

Energy consumed = (Power rating) (Load factor) (Annual Operating Hours)/Motor efficiency 

= (20x1 0 6 hp)(0.746 kW/hp)(l/3)(365x24 hours/year)/0.90 

= 4.839xl0 10 kWh/year 2 

Then the energy and cost savings corresponding to a 5% reduction in 
energy use for compressed air become 

Energy Savings = (Energy consumed)(Fraction saved) 

= (4.839xl0 10 kWh)(0.05) 

= 2.419xl0 9 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy) 

= (2.419xl0 9 kWh/year)($0. 11/kWh) 

= $0.266xl0 9 /year 

Therefore, reducing the energy usage of compressors by 5% will save $266 million a year. 
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7-160 The compressed air requirements of a plant is being met by a 90 hp compressor that compresses air from 101.3 kPa to 
1100 kPa. The amount of energy and money saved by reducing the pressure setting of compressed air to 750 kPa is to be 
determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are negligible. 3 The 
load factor of the compressor is given to be 0.75. 4 The pressures given are absolute pressure rather than gage pressure. 

Properties The specific heat ratio of air is k= 1.4 (Table A-2). 

Analysis The electrical energy consumed by this compressor per year is 


Energy consumed = (Power rating) (Load factor) (Annual Operating Hours)/Motor efficiency 


= (90 hp)(0.746 kW/hp)(0.75)(3500 hours/year)/0.94 
= 187,420 kWh/year 


The fraction of energy saved as a result of reducing the pressure 
setting of the compressor is 


Power Reduction Factor = 


] (^duced/^)^ 7 '-! 

(p 2 i py k - 1)/k -i 
| (750/101.3) (1 ' 4 ~ 1)/1,4 -1 

(1100/101.3) a4 1)/14 -1 
0.2098 



That is, reducing the pressure setting will result in about 1 1 percent savings from the energy consumed by the compressor 
and the associated cost. Therefore, the energy and cost savings in this case become 

Energy Savings = (Energy consumed)(Power reduction factor) 

= (187,420 kWh/year)(0.2098) 

= 39,320 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy) 

= (39,320 kWh/year)($0. 105/kWh) 

= $4128/year 

Therefore, reducing the pressure setting by 250 kPa will result in annual savings of 39,320 kWh that is worth $4128 in this 
case. 

Discussion Some applications require very low pressure compressed air. In such cases the need can be met by a blower 
instead of a compressor. Considerable energy can be saved in this manner, since a blower requires a small fraction of the 
power needed by a compressor for a specified mass flow rate. 
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7-161 A 150 hp compressor in an industrial facility is housed inside the production area where the average temperature 
during operating hours is 25 °C. The amounts of energy and money saved as a result of drawing cooler outside air to the 
compressor instead of using the inside air are to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are negligible. 
Analysis The electrical energy consumed by this compressor per year is 

Energy consumed = (Power rating) (Load factor) (Annual Operating Hours)/Motor efficiency 


= (150 hp)(0.746 kW/hp)(0.85)(4500 hours/year)/0.9 
= 475,384 kWh/year 


Also, 

Cost of Energy = (Energy consumed)(Unit cost of energy) 

= (475,384 kWh/year)($0. 07/kWh) 

= $33, 277/year 

The fraction of energy saved as a result of drawing in cooler outside air is 


Power Reduction Factor = 1 


71 


outside 


T: 


= 1 


inside 


10 + 273 
25 + 273 


0.0503 


Tc \ = 1 0°C 



101 kPa 
25 °C 


That is, drawing in air which is 15°C cooler will result in 5.03 percent savings from the energy consumed by the compressor 
and the associated cost. Therefore, the energy and cost savings in this case become 

Energy Savings = (Energy consumed)(Power reduction factor) 

= (475,384 kWh/year)(0.0503) 

= 23,929 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy) 

= (23,929 kWh/year)($0. 12/kWh) 

= $287 1/year 

Therefore, drawing air in from the outside will result in annual savings of 23,929 kWh, which is worth $2871 in this case. 

Discussion The price of a typical 150 hp compressor is much lower than $50,000. Therefore, it is interesting to note that the 
cost of energy a compressor uses a year may be more than the cost of the compressor itself. 

The implementation of this measure requires the installation of an ordinary sheet metal or PVC duct from the 
compressor intake to the outside. The installation cost associated with this measure is relatively low, and the pressure drop in 
the duct in most cases is negligible. About half of the manufacturing facilities we have visited, especially the newer ones, 
have the duct from the compressor intake to the outside in place, and they are already taking advantage of the savings 
associated with this measure. 
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7-162 The compressed air requirements of the facility during 60 percent of the time can be met by a 25 hp reciprocating 
compressor instead of the existing 100 hp compressor. The amounts of energy and money saved as a result of switching to 
the 25 hp compressor during 60 percent of the time are to be determined. 

Analysis Noting that 1 hp = 0.746 kW, the electrical energy consumed by each compressor per year is determined from 
(Energy consumed) Large = (Power) (Hours) [(LFxTF/ri motor ) Unload e d + (FFxTF/ri 

motor) Loaded] 

= (100 hp)(0.746 kW/hp)(3800 hours/year)[0.35x0.6/0.82+0.90x0.4/0.9] 


= 185,990 kWh/year 

(Energy consumed) Sma ii =(Power)(Hours)[(FFxTF/r| motor ) Unload e d + (FFxTF/ri motor ) Loaded ] 

= (25 hp)(0.746 kW/hp)(3800 hours/year)[0.0x0.15+0.95x0.85]/0.88 
= 65,031 kWh/year 

Therefore, the energy and cost savings in this case become 

Energy Savings = (Energy consumed) Large - (Energy consumed) Sm aii 
= 185,990 -65,031 kWh/year 
= 120,959 kWh/year 
= (Energy savings)(Unit cost of energy) 

= (120,959 kWh/year)($0. 115/kWh) 

= $13, 910/year 


Cost Savings 



Discussion Note that utilizing a small compressor during the times of reduced compressed air requirements and shutting 
down the large compressor will result in annual savings of 120,959 kWh, which is worth $ 13,910 in this case. 


7-163 A facility stops production for one hour every day, including weekends, for lunch break, but the 90 hp compressor is 
kept operating. If the compressor consumes 35 percent of the rated power when idling, the amounts of energy and money 
saved per year as a result of turning the compressor off during lunch break are to be determined. 

Analysis It seems like the compressor in this facility is kept on unnecessarily for one hour a day and thus 365 hours a year, 
and the idle factor is 0.35. Then the energy and cost savings associated with turning the compressor off during lunch break 
are determined to be 


Energy Savings = (Power Rating) (Turned Off Hours)(Idle Factor)/r| motor 
= (90 hp)(0.7457 kW/hp)(365 hours/year)(0.35)/0.84 

= 10,207 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy) 

= (10,207 kWh/year)($0. 1 1/kWh) 

= $1 123/year 

Discussion Note that the simple practice of turning the compressor off during lunch 
break will save this facility $1123 a year in energy costs. There are also side 
benefits such as extending the life of the motor and the compressor, and reducing 
the maintenance costs. 


2 
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7-164 It is determined that 25 percent of the energy input to the compressor is removed from the compressed air as heat in 
the aftercooler with a refrigeration unit whose COP is 2.5. The amounts of the energy and money saved per year as a result 
of cooling the compressed air before it enters the refrigerated dryer are to be determined. 

Assumptions The compressor operates at full load when operating. 


Analysis Noting that 25 percent of the energy input to the compressor is removed by the aftercooler, the rate of heat removal 
from the compressed air in the aftercooler under full load conditions is 

Gaftercooiing - (Rated Power of Compressor)(Load Factor)(Aftercooling Fraction) T 

= (150 hp)(0.746kW/hp)(l. 0)(0.25) = 27.96 kW ^ 


The compressor is said to operate at full load for 2100 hours a year, 
and the COP of the refrigeration unit is 2.5. Then the energy and cost 
savings associated with this measure become 

Energy Savings = ( Q aftercooling )( Annual Operating Hours)/COP 

= (27.96 kW)(2100 hours/year)/2.5 

= 23,490 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy saved) 
= (23,490 kWh/year)($0. 12/kWh) 

= $2819/year 


After- 

cooler 


Air 

Compressor 


Qaftercooling 


W=150hp 


Discussion Note that the aftercooler will save this facility 23,490 kWh of electrical energy worth $2819 per year. The 
actual savings will be less than indicated above since we have not considered the power consumed by the fans and/or pumps 
of the aftercooler. However, if the heat removed by the aftercooler is utilized for some useful purpose such as space heating 
or process heating, then the actual savings will be much more. 
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7-165 The motor of a 150 hp compressor is burned out and is to be replaced by either a 93% efficient standard motor or a 
96.2% efficient high efficiency motor. The amount of energy and money the facility will save by purchasing the high- 
efficiency motor instead of standard motor are to be determined. It is also to be determined if the savings from the high 
efficiency motor justify the price differential. 

Assumptions 1 The compressor operates at full load when operating. 2 The life of the motors is 10 years. 3 There are no 
rebates involved. 4 The price of electricity remains constant. 

Analysis The energy and cost savings associated with the installation of the high efficiency motor in this case are determined 
to be 


Energy Savings = (Power Rating) (Operating Hours)(Load Factor)(l/ri standard - 1 /r| efficien t) 
= (150 hp)(0.7457 kW/hp)(4,368 hours/year)(1.0)( 1/0.930 - 1/0.962) 


= 17,476 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy) 

= (17,476 kWh/year)($0. 125/kWh) 

= $2184/year 

The additional cost of the energy efficient motor is 

Cost Differential = $10,942 - $9,031 = $1,911 

Discussion The money saved by the high efficiency motor will pay for this cost 
difference in $1,91 1/$2 184 = 0.875 year, and will continue saving the facility money 
for the rest of the 10 years of its lifetime. Therefore, the use of the high efficiency 
motor is recommended in this case even in the absence of any incentives from the 
local utility company. 
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7-166 The compressor of a facility is being cooled by air in a heat-exchanger. This air is to be used to heat the facility in 
winter. The amount of money that will be saved by diverting the compressor waste heat into the facility during the heating 
season is to be determined. 


Assumptions The compressor operates at full load when operating. 

Analysis Assuming c p = 1.0 kJ/kg.°C and operation at sea level and taking the density of air to be 1.2 kg/m , the mass flow 
rate of air through the liquid -to-air heat exchanger is determined to be 

Mass flow rate of air = (Density of air) (Average velocity) (Flow area) 

= (1.2 kg/m 3 )(3 m/s)(1.0 m 2 ) 

= 3.6 kg/s = 12,960 kg/h 


Noting that the temperature rise of air is 32°C, the rate at which heat can be recovered (or the rate at which heat is 
transferred to air) is 


Rate of Heat Recovery = (Mass flow rate of air) (Specific heat of air) (Temperature rise) 


= (12,960 kg/h)(1.0 kJ/kg.°C)(32°C) 
= 414,720 kJ/h 


The number of operating hours of this compressor during the heating season is 
Operating hours = (20 hours/day)(5 days/week)(26 weeks/year) 

= 2600 hours/year 
Then the annual energy and cost savings become 

Energy Savings = (Rate of Heat Recovery) (Annual Operating Hours)/Efficiency 


Air 
20°C 
3 m/s 


= (414,720 kJ/h)(2600 hours/year)/0.85 
= 1,268,555,000 kJ/year 
= 12,024 therms/year 

Cost Savings = (Energy savings)(Unit cost of energy saved) 
= (12,024 therms/year)($ 1.25/therm) 

= $15, 030/year 



> * 


Therefore, utilizing the waste heat from the compressor will save $15,030 per year from the heating costs. 

Discussion The implementation of this measure requires the installation of an ordinary sheet metal duct from the outlet of 
the heat exchanger into the building. The installation cost associated with this measure is relatively low. A few of the 
manufacturing facilities we have visited already have this conservation system in place. A damper is used to direct the air 
into the building in winter and to the ambient in summer. 

Combined compressor/heat-recovery systems are available in the market for both air-cooled (greater than 50 hp) 
and water cooled (greater than 125 hp) systems. 
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7-167 The compressed air lines in a facility are maintained at a gage pressure of 700 kPa at a location where the atmospheric 
pressure is 85.6 kPa. There is a 3-mm diameter hole on the compressed air line. The energy and money saved per year by 
sealing the hole on the compressed air line. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are negligible. 

Properties The gas constant of air is R = 0.287 kJ/kg.K. The specific heat ratio of air is k = 1.4 (Table A-2). 

Analysis Disregarding any pressure losses and noting that the absolute pressure is the sum of the gage pressure and the 
atmospheric pressure, the work needed to compress a unit mass of air at 15°C from the atmospheric pressure of 85.6 kPa to 
700+85.6 = 785.6 kPa is determined to be 


kRP 


w 


comp, in 


(k - 1) 


^ p ^ 

l 2 

y p u 


(k-l)/k 


-1 


7 comp 

(1 .4)(0.287 kJ/kg.K)(288K) 


(0.8X1 -4 -1) 
= 319.6kJ/kg 


^7S5.6kP^ (lA 1)71-4 


85.6kPa 


-1 


The cross-sectional area of the 5 -mm diameter hole is 


P atm = 85.6 kPa, 15°C 


A = tjD 2 1 4 = ;r(3 X 1(T 3 m) 2 / 4 = 7.069 x 1(T 6 m 2 


Noting that the line conditions are T 0 = 298 K and 
Pq = 785.6 kPa, the mass flow rate of the air leaking 
through the hole is determined to be 


'”air = C 


loss 


'N 


k + 1 


!/(*-!) 


Pn 


r 


RT r 


AAkR 


k + 1 


Tr 


Air leak 



700 kPa, 25°C 


\ 


1/(1. 4-1) 


= (0.65) 


1.4 + 1 


785.6 kPa 

(0.287 kPa.m 3 / kg. K)(298 K) 


(7.069 x 1CT 6 m 2 ) 


1 


(1.4)(0.287 kJ/kg.K) 


/ 1000m 2 /s 2 V 


lkJ/kg 


1.4 + 1 


(298 K) 


= 0.008451 kg/s 


Then the power wasted by the leaking compressed air becomes 

Power wasted = m^ r xv couv ^ n = (0.00845 1 kg/s)(3 19.6 kJ/kg) = 2.701 kW 


Noting that the compressor operates 4200 hours a year and the motor efficiency is 0.93, the annual energy and cost savings 
resulting from repairing this leak are determined to be 

Energy Savings = (Power wasted) (Annual operating hours)/Motor efficiency 

= (2.701 kW)(4200 hours/year)/0.93 

= 12,200 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy) 

= (12,200 kWh/year)($0. 12/kWh) 

= $1464/year 

Therefore, the facility will save 12,200 kWh of electricity that is worth $1464 a year when this air leak is sealed. 
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7-168 The total energy used to compress air in the US is estimated to be 0.5xl0 15 kJ per year. About 20% of the compressed 
air is estimated to be lost by air leaks. The amount and cost of electricity wasted per year due to air leaks is to be determined. 

Assumptions About 20% of the compressed air is lost by air leaks. 

Analysis The electrical energy and money wasted by air leaks are 

Energy wasted = (Energy consumed)(Fraction wasted) 

= (0.5xl0 15 kJ)(l kWh/3600 kJ)(0.20) 

= 27.78xl0 9 kWh/year 

Money wasted = (Energy wasted)(Unit cost of energy) 

= (27.78xl0 9 kWh/year)($0. 13/kWh) 

= $3.611xl0 9 /year 

Therefore, air leaks are costing almost $3.6 billion a year in electricity costs. The environment also suffers from this because 
of the pollution associated with the generation of this much electricity. 


2 



Review Problems 


7-169E The source and sink temperatures and the thermal efficiency of a heat engine are given. The entropy change of the 
two reservoirs is to be calculated and it is to be determined if this engine satisfies the increase of entropy principle. 


Assumptions The heat engine operates steadily. 

Analysis According to the first law and the definition of the thermal efficiency, 
q l = (1 - rj)Q H = (1 - 0.35)(1 Btu) = 0.65 Btu 


when the thermal efficiency is 35%. The entropy change of everything involved 
in this process is then 


AS total ~~ AS H + AS l 

Qh Ql -lBtu 0.65 Btu 
7^ _ 1100R 550 R 


0.000273Btu/R 



Since the entropy of everything has increased, this engine is possible. When the thermal efficiency of the engine is 60%, 
Ql = (1 - rj)Q H = (1 - 0.6X1 Btu) = 0.4Btu 


The total entropy change is then 


AS tota i - A S H + A S L 
= 0iL+(h = 


T 


H 


- 1 Btu 0.4 Btu _ _ _ _ . 

+ = -0.0001 82Btu/R 

T l 1 100 R 550 R 


which is a decrease in the entropy of everything involved with this engine. Therefore, this engine is now impossible. 
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7-170 The source and sink temperatures and the COP of a refrigerator are given. The total entropy change of the two 
reservoirs is to be calculated and it is to be determined if this refrigerator satisfies the second law. 

Assumptions The refrigerator operates steadily. 


Analysis Combining the first law and the definition of the coefficient of 
performance produces 


Qh =Ql 


1 


1 


COP 


f 


- (1 kJ) 


r y 


i + ! 

4 


= 1.25 kJ 


when COP = 4. The entropy change of everything is then 

AS total “ AS# + A S L 

Q h Q l 1.25 kJ -lkJ 



T 


H 


T 


L 


303 K 253 K 


= 0.0001 73kJ/K 


Since the entropy increases, a refrigerator with COP = 4 is possible. When the coefficient of performance is increased to 6, 


Qh =Ql 


1 


1 


COP 


= (1 kJ) 


r y 


i + ± 

6 




= 1.167 kJ 


and the net entropy change is 

AS tota i = A S H + A S L 

Q h Q l 1.167 kJ -lkJ 


T 


H 


T 


L 


303 K 253 K 


= -0.0001 OlkJ/K 


and the refrigerator can no longer be possible. 


7-171 Air is first compressed adiabatically and then expanded adiabatically to the initial pressure. It is to be determined if 
the air can be cooled by this process. 

Analysis From the entropy change relation of an ideal gas, 

T P 

A y air = c _ In — - R In — 
an p T x P x 

Since the initial and final pressures are the same, the equation reduces to 



In 


h 


As there are no heat transfer, the total entropy change (i.e., entropy generation) for this process is equal to the entropy 
change of air. Therefore, we must have 

T 

A^air = C p In— f- > 0 

M 


The only way this result can be satisfied is if 
T 2 >T x 

It is therefore impossible to create a cooling effect (T 2 < T x ) in the manner proposed. 
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7-172E Air is compressed reversibly and isothermally in a piston-cylinder device. The amount of heat transfer is to be 
determined. 


7-129 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values. 2 The 
kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific heats at room temperature can be 

used for nitrogen. 

Properties For air, R = 0.3704 psia-ft 3 /lbm-R (Table A- IE). 

Analysis We take the air as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


^in ^out 

V, J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

y J 

V 

Changein internal, kinetic, 
p o ten ti al ,etc . en erg ies 


W ln - g out = A U = me v (7 ' 2 - T x ) = 0 since T 2 = 7', 

Win = Gout 


The work done is determined from the boundary work relation 
for an isothermal process: 


w 


out 


2 2 

r c dv t/o 

Pdv = RT\ — = RT In — 

J J (/ t/. 

1 1 1 


= RT In 


A 

Pi 



- (0. 3704 psia • 1 3 /lbm • R)(530 R)ln 


lOpsia 

lOOpsia 


1 Btu 


A 


l v 5.404psia • ft 3 J 


Then, 


= -83.6Btu/lbm 


2out~Win =mw in = (1 lbm)(8 3.6 Btu/lbm)= 83.6 Btu 
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7-173 Water vapor condensed in a piston-cylinder device in an isobaric and reversible process. It is to be determined if the 
process described is possible. 

Analysis We take the water as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


^in ^out 

V G 

V 

Net en erg y trai s fer 
by heat, work, and mass 


A F 

system 

s. J 

V 

Changein internal, kinetic, 
potential, etc. energies 


- Gout - W b ,out = A U = m(u 2 - Kj) 

-Gout=^b.out+'»(«2 “Ml) 

-Gout=" ? ( /? 2 ~ h l) 

Gout =m(h l -h 2 ) 


h 2 o 

200 kPa 
sat. vap. 




G 


since AU + Wb = AH during a constant pressure quasi-equilibrium process. 
The initial and final state properties are (Table A-5) 


P x = 200 kPa 
x x =1 


h x = 2706.3 kJ/kg 
s x = 7. 1270 kJ/kg -K 


P 2 = 200 kPa 1 h 2 = 504.7 1 kJ/kg 
x 2 — 0 j s 2 =1.5302 kJ/kg -K 

Substituting, 

q out =h x -h 2 = 2706.3 - 504.71 = 2202 kJ/kg 



The entropy change of the energy reservoir as it undergoes a reversible, isothermal process is 


A.v 


SUIT 


= 2202 kJ/kg = 6.065 kJ/kg • K 
(90 + 273) K 


where the sign of heat transfer is taken positive as the reservoir receives heat. The entropy change of water during the 
process is 

= uV 2 -s x =1.5302-7.1270 = -5.597 kJ/kg- K 


The total entropy change is then, 

As total = Ay w + As surr = -5.597 + 6.065 = 0.468kJ/kg- K 

Since the total entropy change (i.e., entropy generation) is positive, this process is possible. 
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7-174E A solid block is heated with saturated water vapor. The final temperature of the block and water, and the entropy 
changes of the block, water, and the entire system are to be determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved. 3 There is no heat transfer between the system and the surroundings. 

Analysis (a) As the block is heated, some of the water vapor will be condensed. We will assume (will be checked later) that 
the water is a mixture of liquid and vapor at the end of the process. Based upon this assumption, the final temperature of the 
water and solid block is 227. 9°F (The saturation temperature at 20 psia). The heat picked up by the block is 

2biock = mc{T 2 - T x ) = (100 lbm)(0. 5 Btu/lbm- R)(227.9 - 80)R = 7396 Btu 


The water properties at the initial state are 


P x =20 psia 



T x = 227. 9°F 

h x =1156.2 Btu/lbm 
s x =1.7319 Btu/lbm- R 


(Table A-5E) 


The heat released by the water is equal to the heat picked up by the block. Also noting that the pressure of water remains 
constant, the enthalpy of water at the end of the heat exchange process is determined from 

h 2 =h, - = 1 156.2 Btu/lbm- ?3% BtU = 416.61 Btu/lbm 

m w lOlbm 

The state of water at the final state is saturated mixture. Thus, our initial assumption was correct. The properties of water at 
the final state are 


P 2 = 120 psia 
h 2 =416.61 Btu/lbm 


,,--^,41 6.61-196.27 


h 


fg 


959.93 


s 2 = s f + x 2 s fg = 0.33582 + (0.2295)(1.3961) = 0.65628 Btu/lbm- R 

The entropy change of the water is then 

Atwater = m w (s 2 - s x ) = (10 lbm)(0. 65628 - 1.73 19)Btu/lbm= -1 0.76Btu/R 
(b) The entropy change of the block is 


AS block = me In — = (100 lbm)(0.5 B tu/lbm- R)ln 
^1 

(c) The total entropy change is 


(227.9 + 460)R 
(80 + 460)R 


= 12.1 IBtu/R 


AS total = S gen = AS water + AS block = -10.76 + 12.11 = 1.35 Btu/R 


The positive result for the total entropy change (i.e., entropy generation) indicates that this process is possible. 
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7-175 A horizontal cylinder is separated into two compartments by a piston, one side containing nitrogen and the other side 
containing helium. Heat is added to the nitrogen side. The final temperature of the helium, the final volume of the nitrogen, 
the heat transferred to the nitrogen, and the entropy generation during this process are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Nitrogen and helium are ideal gases with constant 
specific heats at room temperature. 3 The piston is adiabatic and frictionless. 

Properties The properties of nitrogen at room temperature are R = 0.2968 kPa.m Vkg.K, c p = 1.039 kJ/kg.K, c v = 0.743 
kJ/kg.K, k- 1.4. The properties for helium are R = 2.0769 kPa.mVkg.K, c p = 5.1926 kJ/kg.K, c v = 3.1 156 kJ/kg.K, k = 1.667 
(Table A-2). 


Analysis {a) Helium undergoes an isentropic compression process, 
and thus the final helium temperature is determined from 


^He,2 ~~ ^1 


r p 
£2 

v p i y 


= (20 + 273) K 


120 kPa 
95 kPa 


(1.667-1)71.667 


321. 7K 


( b ) The initial and final volumes of the helium are 



„ _ mRT \ = (0- 1 kg)(2.0769 kPa • nr Vkg • K)(20 + 273 K ) _ Q 61Q6 m 3 

H6,1 P x 95kPa ' m 


„ mRT 1 (0.1kg)(2.0769kPa-m7kg-K)(321.7K) ncc , 0ra 3 

KUp 9 — — — u.jjOo m 

Po 120 kPa 


Then, the final volume of nitrogen becomes 

^ 2,2 =*V.i + tVi -^He .2 =0-2 + 0.6406 -0.5568 = 0.2838m 3 


(c) The mass and final temperature of nitrogen are 


m N2 = 


m 

RT X 


(95 kPa)(0.2m 3 ) 

(0.2968 kPa • m 3 /kg • K)(20 + 273 K) 


0.2185 kg 



^2^2 

mR 


(120 kPa)(0.2838 m 3 ) 
(0.2185 kg)(0.2968 kPa-m 3 /kg-K) 


= 525.1 K 


The heat transferred to the nitrogen is determined from an energy balance 

2in “ ^^N2 + 

= \ mc v ( T 2 -7i)] N2 +[nc v {T 2 — 7i)] He 

= (0.2185 kg )(0. 743 kJ/kg.K)(525. 1-293) + (0.1 kg )(3.1 156 kJ/kg.K)(32 1.7 -293) 

= 46.6kJ 


(d) Noting that helium undergoes an isentropic process, the entropy generation is determined to be 


^ gen “ ^N2 + ^surr “ m N2 


T, P, 

c „ In Pin 


\ 


r, 


p 


+ 


"Gin 


= (0.2185 kg) 


(1.039 kJ/kg.K)ln 


1 M J 

525. IK 


r, 


R 


293 K 


- (0.2968 kJ/kg.K)ln 


120 kPa 


+ 


-46.6 kJ 


95 kPa J (500 + 273) K 


= 0.057kJ/K 
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7-176 A piston-cylinder device contains air that undergoes a reversible thermodynamic cycle composed of three processes. 
The work and heat transfer for each process are to be determined. 

Assumptions 1 All processes are reversible. 2 Kinetic and potential 
energy changes are negligible. 3 Air is an ideal gas with variable specific 
heats. 


Properties The gas constant of air is R = 0.287 kPa.m /kg.K (Table A-l). 

Analysis Using variable specific heats, the properties can be determined 
using the air table as follows 


T x =T 2 = 300 K 


u x — u 2 = 214.07 kJ/kg 
-> s? = s° = 1.70203 kJ/kg. K 


Prl = P r2 = 1-3860 


P« = 


Ps 

P, 


P r2 = 


400 kPa 
150 kPa 


(1.3860) = 3.696 


u 3 = 283.71 kJ/kg 
r 3 = 396.6 K 



The mass of the air and the volumes at the various states are 


m = 


PM 


(400 kPa)(0.3 nr ) 


RT 


(0.287 kPa • m /kg • K)(300 K) 

3 


= 1.394 kg 


^ _ mRT 2 _ (1.394 kg)(0.287 kPa- m J /kg- K)(300 K) _ Q ^ 
2 P 2 150 kPa ~~ ‘ m 


V 3 = 


mRT 3 (1.394 kg)(0. 287 kPa-m J /kg-K)(396.6 K) 


A 


400 kPa 


= 0.3967 m 


Process 1-2: Isothermal expansion (T 2 = T\) 


P 1 50kPa 

A5i o = -mR In — = (1 . 394 kg)(0.287 kJ/kg. K)ln 

12 P 400 kPa 


= 0.3924 kJ/kg. K 


2m,i-2 = ^ 1 ^ 1-2 = (300 K)(0.3924 kJ/K) = 1 1 7.7kJ 


^out>2 - Gin, 1-2 -11 7.7k J 


Process 2-3: Isentropic (reversible-adiabatic) compression (s 2 = ^i) 

W| n 2 _ 3 = m(u 3 -u 2 ) = (1.394 kg)(283.71- 214.07) kJ/kg = 97.1kJ 

G2-3 = 0 k J 

Process 3-1: Constant pressure compression process (P { = P 3 ) 

=P 3 (V 3 -i/ l ) = (400 kg)(0. 3924 - 0.3) kJ/kg = 37.0 kJ 

Go Ut , 3-i = Win >3 _i - M3) = 37.0 kJ - (1.394 kg)(214. 07 - 283.71) kJ/kg = 1 35.8kJ 
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7-177E A cylinder initially filled with helium gas at a specified state is compressed poly tropically to a specified temperature 
and pressure. The entropy changes of the helium and the surroundings are to be determined, and it is to be assessed if the 
process is reversible, irreversible, or impossible. 


Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The cylinder is stationary and thus the kinetic and 
potential energy changes are negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression 
or expansion process is quasi-equilibrium. 

Properties The gas constant of helium is R = 2.6805 psia.ft /lbm.R = 0.4961 Btu/lbm.R. The specific heats of helium are c„ 
= 0.753 and c p = 1.25 Btu/lbm.R (Table A-2E). 


Analysis ( a ) The mass of helium is 


m = 


m 


(25 psia)(l5 ft 


RT X (2.6805 psia • ft 3 /lbm- R 1530 R) 


= 0.264 lbm 


Then the entropy change of helium becomes 


- ^helium “ m 


= (0.264 lbm) 


Helium 
15 ft 3 . 
Pi/ = const 


f rj, p \ 

c n In— -Rln— 

V 7 1 M J 

(1.25 Btu/lbm- R) ln^-^ - (0.4961 Btu/lbm- R) In 70 pSm 


530 R 


25 psia 


= -0.016 Btu/R 


G 


( b ) The exponent n and the boundary work for this polytropic process are determined to be 


m _ p 2 v 2 
T x t 2 

p 2 v n - m n 


= 


7', Pi 


P = 


(760R)(25psiaU 5t 3 )=7682t 3 
(530 R)(70 psia) v 


( p ^ 

£2 

\ P \ J 


r i^ n 

V ^2 J 


70 

25 


15 


\ n 


7.682 


+ n = 1.539 


Then the boundary work for this polytropic process can be determined from 

Ji 1 — n 1 — n 

(0.264 lbmXO-4961 Btu/lbm- RX760 -530 )R 

1-1.539 


= 55.9 Btu 


We take the helium in the cylinder as the system, which is a closed system. Taking the direction of heat transfer to be from 
the cylinder, the energy balance for this stationary closed system can be expressed as 

r _ r _ a/7 

Mn ^out — z - X£ -'system 

V ' r ^ ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

- Gout + Wb, in = A U= m(u 2 - u x ) 

- Gout = m ( u 2 - «1 ) - W b ,,„ 

Gout = ^b.in-'» c u(7’2-7;) 

Substituting, Q out =55.9 Btu -(0.264 lbmX0.753 Btu/lbm- RX760-530)R =10.2 Btu 
Noting that the surroundings undergo a reversible isothermal process, its entropy change becomes 

AS = = 1 - 2BtU = 0.019 Btu/R 

r suiT 530 R 

(c) Noting that the system+surroundings combination can be treated as an isolated system, 

AStotai = AS sys + AS sun . = -0.016 + 0.019 = 0.003 Btu/R > 0 


Therefore, the process is irreversible. 
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7-178 A piston-cylinder device contains steam that undergoes a reversible thermodynamic cycle composed of three 
processes. The work and heat transfer for each process and for the entire cycle are to be determined. 

Assumptions 1 All processes are reversible. 2 Kinetic and potential energy changes are negligible. 

Analysis The properties of the steam at various states are (Tables A-4 
through A-6) 


P x = 400 kPa 
P, = 350°C 


P 2 = 150 kPa 


T 2 = 350°C 
P 3 = 400 kPa 
s 3 =s 2 = 8.1983 kJ/kg.KJ 


u x = 2884.5 kJ/kg 
= 0.71396 m 3 /kg 
s x = 7.7399 kJ/kg.K 
u 2 =2888.0 kJ/kg 
s 2 =8.1983 kJ/kg.K 

u 3 =3132.9 kJ/kg 


c/ 3 = 0.89148 nC/kg 


The mass of the steam in the cylinder and the volume at state 3 are 


0.3m 


m = 




0.71396 nr /kg 


= 0.4202 kg 



(/ 3 = ra(/ 3 = (0.4202 kg)(0. 89148 m 3 /kg) = 0.3746 m 3 

Process 1-2: Isothermal expansion (T 2 = T\) 

AS { _ 2 = m(s 2 -s x ) = (0.4202 kg)(8. 1983-7.7399)kJ/kg.K = 0.1926 kJ/kg.K 

2m, 1-2 = 71 AS^ 2 = (350 + 273 K)(0. 1926 kJ/K) - 120 kJ 


Wout,i _2 = Gin, 1-2 “ m ( w 2 - Wj) = 120kJ - (0.4202 kg)(2888.0 - 2884.5)kJ/kg = 1 18.5 kJ 

Process 2-3: Isentropic (reversible-adiabatic) compression (s 3 = ^ 2 ) 

W in?2 _ 3 = m(u 3 -u 2 ) = (0.4202 kg)(3132.9-2888.0)kJ/kg = 102.9kJ 

22-3 = 0 kJ 

Process 3-1: Constant pressure compression process (Pi = P 3 ) 

=P 3 (V 3 -V l ) = (400 kPa)(0. 3746 - 0.3) = 29.8 kJ 


2out,3-i = W in , 3-1 -^Oi -m 3 ) = 29.8 kJ- (0.4202 kg)(2884.5- 3 132.9) = 134.2 kJ 
The net work and net heat transfer are 

WneUn =^n,W + ^n,2-3 = 29.8 + 102.9 - 1 18.5 = 1 4.2kJ 


Q 


netjn 


Discussion The 


= 0in.t-2 -e ou t,M =120- 134.2 = -14.2kJ >e netout =14.2kJ 

results are not surprising since for a cycle, the net work and heat transfers must be equal to each other. 
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7-179 An electric resistance heater is doing work on carbon dioxide contained an a rigid tank. The final temperature in the 
tank, the amount of heat transfer, and the entropy generation are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Carbon dioxide is ideal gas with constant specific 
heats at room temperature. 

Properties The properties of C0 2 at an anticipated average temperature of 350 K are R = 0.1889 kPa.m Vkg.K, c p = 0.895 
kJ/kg.K, c v = 0.706 kJ/kg.K (Table A-2b). 


Analysis {a) The mass and the final temperature of C0 2 may be 
determined from ideal gas equation 


m = 


py 

RT X 


(100kPa)(0.8m 3 ) 
(0.1889 kPa • m 3 /kg • K)(250 K) 


1.694 kg 



Pi y_ 

mR 


(175 kPa)(0.8 m 3 ) 

(1 .694 kg)(0. 1 889 kPa • m 3 /kg • K) 


437.5K 



(b) The amount of heat transfer may be determined from an energy balance on the system 
Gout = E e .in At ~ mc v (T 2 —Tj) 

= (0.5 kW)(40 x 60 s) - (1 .694 kg)(0.706 kJ/kg. K)(437. 5 - 250)K = 975.8 kJ 


(c) The entropy generation associated with this process may be obtained by calculating total entropy change, which is the 
sum of the entropy changes of C0 2 and the surroundings 



AS 


C02 


+ A5 sutr = m 


c 


p 


In 


T _i 

r, 


R In 




P 


+ 


Q 


out 


1 J 


T 


surr 


(1.694 kg) 


(0.895 kJ/kg. K)ln 


437.5 K 
250 K 


(0.1 889 kJ/kg. K)ln 


175 kPa 
100 kPa 


975.8 kJ 
300 K 


3.92kJ/K 
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7-180 Heat is lost from the helium as it is throttled in a throttling valve. The exit pressure and temperature of helium and the 
entropy generation are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Helium is an ideal 
gas with constant specific heats. 

Properties The properties of helium are R = 2.0769 kPa.m /kg.K, c p = 

5. 1926 kJ/kg.K (Table A-2a). 

Analysis (a) The final temperature of helium may be determined from an 
energy balance on the control volume 


Helium 
400 kPa 
60°C 


4 






q ou =cJT. -T 2 ) >T 2 =T ; -^H1 = 60°C- — L75kJ/k g — = 59.7 D C = 332.7 K 

out p 1 2 2 1 c„ 5.1926kJ/kg.°C 


The final pressure may be determined from the relation for the entropy change of helium 


T 

As He = c - In — - R In 


p 


r, 


h 

p 


332 7 K 

0.34 kJ/kg.K = (5. 1926 kJ/kg.K)ln ' (2.0769 kJ/kg.K)ln 


P, 


333 K 


400 kPa 


Po =339kPa 


(b) The entropy generation associated with this process may be obtained by adding the entropy change of helium as it flows 
in the valve and the entropy change of the surroundings 


5 gen - ^He + ^suit “ ^He + 


4out 


T. 


SUIT 


0.34 kJ/kg.K + 


1.75 kJ/kg 
(25 + 273) K 


0.346kJ/kg.K 
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7-181 Refrigerant- 1 34a is vaporized by air in the evaporator of an air-conditioner. For specified flow rates, the exit 
temperature of air and the rate of entropy generation are to be determined for the cases of an insulated and uninsulated 
evaporator. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is 0.287 kPa.m /kg.K (Table A-l). The constant pressure specific heat of air at room 
temperature is c p = 1.005 kJ/kg.K (Table A-2). The properties of R-134a at the inlet and the exit states are (Tables A-ll 
through A- 13) 


P x =120 kPa 
x x =0.3 

T 2 = 120 kP a 
sat. vapor 


h x = h f + x x h fg = 22.47 + 0.3 x 214.52 = 86.83 kJ/kg 
s x =s f +x x s fg = 0.09269 + 0.3(0.85520) = 0.3492 kJ/kg -K 


h 2 — ^ g @i20kPa —236.99 kJ/kg 
^2 —h g @ i2o kPa = 0-9479 kJ/kg • K 


6 m /min AIR 


Analysis (a) The mass flow rate of air is 

P+, (l00kPa)(6 m 3 /min 


m air = 


i 3 V3 i\i cij\kj 111 /miiiy 

RT 3 ((J.287 kPa- m 3 /kg' k)(300 K) 


= 6.968 kg/min 


We take the entire heat exchanger as the system, which is a control 
volume. The mass and energy balances for this steady-flow system 
can be expressed in the rate form as 

Mass balance ( for each fluid stream ): 

™in - ™out = Mystei/ 0 = 0 +n = m \ = m 2 = +,r and m 3 = m 4 = tfl R 

Energy balance (for the entire heat exchanger): 

= 0 



E in ~ E out 


A F 

^^system 


<^0 (steady) 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = -^out 

m x h x + m 3 h 3 = m 2 h 2 + m 4 h 4 (since Q = W = Ake = Ape = 0) 
Combining the two, m R (h 2 -h x ) = m. lir (/^ -h 4 ) = rh^ r c p ( T 3 —T 4 ) 

Solving for T 4 , 

m R (h 2 


T a =T 3 


m air C p 


Substituting, 

T 4 = 27°C - (2 k g /min X2 3 6." - 86.83) kJ/kg = 5 g c = 257 , K 

(6.968 kg/min)(l .005 kJ/kg • K) 

Noting that the condenser is well-insulated and thus heat transfer is negligible, the entropy balance for this steady-flow 
system can be expressed as 


e _ c 
^in ^out 


+ 


gen 


system 


+0 (steady) 


Rate of net entropy tansfer Rateof entropy 

by heat and mass generation 


Rateof change 
of entropy 


m x s x + m 3 s 3 - rh 2 s 2 - m 4 s 4 + 5 sen = 0 (since 2 = 0) 
m R s x + m. dlv s 3 - m R s 2 - m, d[r s 4 + 5 gen = 0 


or, 
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^gen = S ( s 2 - *1 ) + w air ( S 4 ~ S 3 ) 


where 


MO 

T P ^ T 257 1 K 

s 4 - s 3 = c In — - R In — - — = c In — = (1 .005 kJ/kg • K) In : 

7 74 A 1 74 300 K 


= -0.1551 kJ/kg K 


3 1 3 3 

Substituting, 

S gea = (2 kg/min)(0.9479 - 0.3492 kJ/kg • K) + (6.968 kg/min)(-0. 155 1 kJ/kg • K) 

= 0.1175 kJ/min-K 

= 0.00196 kW/K 

( b ) When there is a heat gain from the surroundings at a rate of 30 kJ/min, the steady -flow energy equation reduces to 

Gin = ™R ( h 2 ~ h l)+ ><rCp ( T 4 ~ T 3 ) 

Solving for 74, 

Qin - > h R { h 2 - h l) 


t 4 = t 3 + 


m rnv C p 


Substituting, 

T 2?oc t (30 kJ/min) - (2 kg/min)(236.99 - 86.83) kJ/kg ^ ^ e>c = 26l4K 
4 (6.968 kg/min)(l. 005 kJ/kg -K) 

The entropy generation in this case is determined by applying the entropy balance on an extended system that includes the 
evaporator and its immediate surroundings so that the boundary temperature of the extended system is the temperature of the 
surrounding air at all times. The entropy balance for the extended system can be expressed as 


c _ c _i_ v —AS’ 

‘-'in ‘-'out 1 ‘-'gen ^‘-'system 


<p0 (steady) 


Qin 


z 


Rate of net entropy tnnsfer Rateof entropy Rateof change 

by heat and mass generation of entropy & 


+ m l s l + m 3 s 3 - m 2 s 2 - m 4 s 4 + S = 0 


b,out 


Gi„ 


T. 


+ m R S \ + '»air«3 “ m R S 2 ~ ><r*4 + ^gen = 0 


SUIT 


or 


S’gen = m R (s 2 ~ s l ) + W a,r 0 4 ~ *3 ) “ 

1 rv 


where 


71 ' 


r j i f I 4 j r r 

s 4 -s 3 =c„ In — - R In = (1 .005 kJ/kg • K) In _ — ; = -0. 1384 kJ/kg • K 


T 3 P3 


300 K 


Substituting, 


S gen = (2 kg/min)(0.9479 - 0.3492) kJ/kg • K + (6.968 kg/minX- 0. 1384 kJ/kg • K) - 


30 kJ/min 
305 K 


= 0. 1 348 kJ/min • K = 0.00225 kW/K 


Discussion Note that the rate of entropy generation in the second case is greater because of the irreversibility associated with 
heat transfer between the evaporator and the surrounding air. 
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7-182 Refrigerant- 134a is compressed in a compressor. The rate of heat loss from the compressor, the exit temperature of R- 
134a, and the rate of entropy generation are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The properties of R-134a at the inlet of the compressor are (Table A- 12) 


P, =160 kPa -0- 12 355m /kg 
= 1 \h\= 241.14 kJ/kg 

1 J 5, =0.94202 kJ/kg.K 


The mass flow rate of the refrigerant is 


0.03 m /s 


m = — = 


= 0.2428 kg/s 


<6 0. 12355 nrVkg 

Given the entropy increase of the surroundings, the heat lost from the 
compressor is 


AS suir = 


Gout 


G 800 kPa 


Compressor 


R-134a 
160 kPa 
sat. vap. 


Gout = ^urAnr = ( 20 + 272 K)(0.008 kW/K) = 2.344kW 


(b) An energy balance on the compressor gives 

~Qout =rh (h 2 -Aj) 

10 kW - 2.344 kW = (0.2428 kg/s)(/r 2 - 241. 14) kJ/kg 
The exit state is now fixed. Then, 


h 2 = 272.67 kJ/kg 


P 2 = 800 kPa 


73 = 36.4°C 


h 2 = 272.67 kJ/kgJ s 2 =0.93589 kJ/kg.K 

(c) The entropy generation associated with this process may be obtained by adding the entropy change of R-134a as it flows 
in the compressor and the entropy change of the surroundings 


Sge„ = A5 r + A 5 suir = m(s 2 -sj + A 5 suir 

= (0.2428 kg/s)(0. 93589 - 0.94202) kJ/kg.K + 0.008 kW/K 

= 0.00651kJ/K 
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7-183 Air flows in an adiabatic nozzle. The isentropic efficiency, the exit velocity, and the entropy generation are to be 
determined. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Assumptions 1 Steady operating conditions exist. 2 Potential energy changes are negligible. 

Analysis ( a ) ( b ) Using variable specific heats, the properties can be determined from air table as follows 

h x = 400.98 kJ/kg 
— » s\ = 1.99194 kJ/kg.K 
P rl = 3.806 


T x = 400 K 


T 2 = 350 K > 


h 2 = 350.49 kJ/kg 


P ~^-P - 

r r 2 ~ p r r\ ~ 

P\ 


sl =1.85708 kJ/kg.K 
300 kPa 



500 kPa 


(3.806) = 2.2836 >h 2s = 346.31 kJ/kg 


Energy balances on the control volume for the actual and isentropic processes give 


/ V \ _ u V 2 

ht H — IVi H 

2 2 


400.98 kJ/k g + 


(30 m/s)' 


1 kJ/kg 


1000 m 2 /s 2 


= 350.49 kJ/kg + 


VA 


1 kJ/kg 


1000 m 2 /s 2 


Vo =319.1m/s 


, V{ , Vf a 

h x H — h 2 H - 

1 2 2 


400.98 kJ/kg + 


(30 m/s)' 


1 kJ/kg 


2/2 


1000 m /s 


= 346.31 kJ/kg + 




2s 


1 kJ/kg 


1000 m 2 /s 2 


U 2s = 331.8 m/s 


The isentropic efficiency is determined from its definition, 


7n = 


V 2 (319.1 m/s) : 


V 2 2 (33 1.8 m/s) 2 


= 0.925 


(c) Since the nozzle is adiabatic, the entropy generation is equal to the entropy increase of the air as it flows in the nozzle 


= As air = S 2~ S l ~ Rln 


gen 


Pi 

P 


= (1 . 85708 - 1 .99 1 94)kJ/kg.K - (0. 287 kJ/kg. K)ln 

= 0.0118kJ/kg.K 


300 kPa 
500 kPa 
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7-184 Helium gas is compressed in an adiabatic closed system with an isentropic efficiency of 80%. The work input and the 
final temperature are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 3 The device is adiabatic and thus heat transfer is 
negligible. 4 Helium is an ideal gas. 


Properties The properties of helium are c v = 3.1156 kJ/kg-K and k = 1.667 (Table A-2 b). 


Analysis Analysis We take the helium as the system. This is a closed system since no mass crosses the boundaries of the 
system. The energy balance for this system can be expressed as 


^in ^out — '^'system 

v J V V ' 

Net energy traisfer Changein intemal,kinetic, 
by heat, work, and mass potential, etc. energies 


W [n = AU = m(u 2 - u { ) = mc v (T 2 ~T\) 


The isentropic exit temperature is 


t 2s =t { 


Pn 


\ 


v p i y 


(k-\)/k 


= (300 K) 


^900 kPa^ 0 667/1 -6S 


100 kPa 


= 722.7 K 


Helium 
100 kPa 
27°C 


The work input during isentropic process would be 

W s in = mc v (T 2s - T x ) = (3 kg)(3. 1 156 kJ/kg • K)(722.7 - 300)K = 3950 kJ 


The work input during the actual process is 



W 

rr s,in 

7 


3950 kJ 
0.80 


= 4938kJ 
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7-185 The claim of an inventor that an adiabatic steady-flow device produces a 
evaluated. 


Assumptions 1 Kinetic and potential energy changes are negligible. 3 The device 
negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at the anticipated average temperature of 400 K are c p 
A-2 b). 

Analysis Analysis We take the steady-flow device as the system, which is a 
control volume since mass crosses the boundary. Noting that one fluid 
stream enters and leaves the turbine, the energy balance for this steady-flow 
system can be expressed in the rate form as 

p _ p - a p ( stead y) _ n 

^in ^out system u 

V V ' . ' V ' 

Rate of net energy transfer Rateof chang ein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = -^out 

mh x = W out + mh 2 (since Q = Ake = Ape = 0) 

W out = m(h x -h 2 ) = me p (T x - T 2 ) 


The adiabatic device would produce the maximum power if the process is 
isentropic. The isentropic exit temperature is 


t 2 s =t x 


P, 




\ p \ j 


(k-\)/k 


= (573 K) 


\ 0 . 395 / 1.39 

' 100 kPa A 


1200 kPa 


= 283.5 K 


The maximum power this device can produce is then 

< out = rhc p (T x - T 2s ) = (1 kg/s)(l .01 3 kJ/kg • K)(573 - 283.5)K = 293 kW 
This is greater than the power claim of the inventor, and thus the claim is valid. 


specified amount of power is to be 
is adiabatic and thus heat transfer is 
= 1.013 kJ/kg-K and k = 1.395 (Table 

P x =1200 kPa 
T x = 300°C 



> s 
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7-186 A gas is adiabatically expanded in a piston-cylinder device with a specified isentropic efficiency. It is to be 
determined if air or neon will produce more work. 

Assumptions 1 Kinetic and potential energy changes are negligible. 3 The device is adiabatic and thus heat transfer is 
negligible. 4 Air and helium are ideal gases. 

Properties The properties of air at room temperature are c v = 0.718 kJ/kg-K and k = 1.4. The properties of neon at room 
temperature are c v = 0.6179 kJ/kg-K and k = 1.667 (Table A-2 a). 

Analysis We take the gas as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


^in ^out — ^'system 

V v ' V V ' 

Net energy traisfer Changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 


- W out = AU = m ( u 2 -u 1 ) = mc v (T 2 
W 0M = mc v (T\ -T 2 ) 



The isentropic exit temperature is 


T 2s = t x 


r p \(k-D/k 




= (300 + 273 K) 


/ , \ 0.4/1 .4 

A 80kPa N 


3000 kPa 


= 203.4 K 


Air 

3 MPa 
300°C 


The work output during the actual process is 

w in = i]c v (T x - T 2s ) = (0.90)(0.718 kJ/kg • K)(573 - 203.4)K = 239kJ/kg 


Repeating the same calculations for neon, 


t 2s =t { 


P 


\ 


2.9 




(k-l)/k 


= (300 + 273 K) 


80 kPa 
3000 kPa 


\ 0.667/1 .6® 


= 134.4 K 


w . n = rjc v (T x - T 2s ) = (0.80)(0.6179 kJ/kg • K)(573 - 134.4)K = 21 7kJ/kg 
Air will produce more work. 
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7-187 Refrigerant- 1 34a is expanded adiabatically in a capillary tube. The rate of entropy generation is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis The rate of entropy generation within the expansion device during this process can be determined by applying the 
rate form of the entropy balance on the system. Noting that the system is adiabatic and thus there is no heat transfer, the 
entropy balance for this steady-flow system can be expressed as 


o _ c . c _ac <^0 (steady) 

yin J out °gen system 

Rate of net entropy tnnsfer Rateof entropy Rateof change 
by heat and mass generation of entropy" 

«l*l - m 2 s 2 + Sgen = 0 

Sgen =m(s 2 ~S l ) 

^gen = S 2 _ ^1 


R-134a 
70°C 
sat. liq. 


Capillary tube 

► -20°C 


It may be easily shown with an energy balance that the enthalpy remains constant during the throttling process. The 
properties of the refrigerant at the inlet and exit states are (Tables A-l 1 through A- 13) 


T x = 70°C 1 h x = 156.15 kJ/kg-K 
x x =0 j ^ =0.53763 kJ/kg-K 


T 2 = -20°C 

h 2 =h { =156.15 kJ/kg-K 


x 2 = 


h 2 -h f 


h 


fg 


156.15-25.47 

212.96 


= 0.6136 


s 2 =s f +X 2 s fg =0.10456 +(0.6136)(0.841 19) = 0.62075 kJ/kg-K 


Substituting, 

Sgen = m(s 2 -s x ) = (0.2 kg/s)(0. 62075 - 0.53763) kJ/kg • K = 0.01 66kW/K 
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7-188 The work input and the entropy generation are to be determined for the compression of saturated liquid water in a 
pump and that of saturated vapor in a compressor. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Heat transfer to or 
from the fluid is zero. 


Analysis Pump Analysis: (Properties are obtained from EES) 


P x = 100 kPa 1 h x = 417.5 lkJ/kg 
x x = 0 (sat. liq.) s x = 1.3028 kJ/kg.K 


P 2 = 1 MPa 

^2 = s \ 



418.45 kJ/kg 


h 2 = h x + 


h 2s - h, 


= 417.51 + 


Hp 


418.45-417.51 

085 


418.61 kJ/kg 


P 2 = 1 MPa 
h 2 =418.61 kJ/kg 



1.3032 kJ/kg.K 



w P =h 2 -/j, =418.61- 417.51 = 1.10kJ/kg 


i- genP =5 2 -^ =1.3032 - 1.3028 = 0.0004kJ/kg.K 


Compressor Analysis: 


P x =100 kPa 1 /?! =2675.0 kJ/kg 
x x = 1 (sat. vap.) s x = 7.3589 kJ/kg.K 


P 2 =lMPa 

^2 = ^1 


^,=3193.6 kJ/kg 



h 2 s ~h 
Vc 


2675.0 


3193.6-2675.0 

085 


3285.1 kJ/kg 


P 2 = 1 MPa 

/i 2 =3285.1 kJ/kgf 2 


= 7.4974 kJ/kg.K 


w c =h 2 — 0, =3285. 1-2675.0 = 61 0.lkJ/kg 
^gen.c =5 2 -5j = 7.4974 - 7.3589 = 0.1 384kJ/kg.K 


1 MPa 
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7-189 Air is compressed in a compressor that is intentionally cooled. The work input, the isothermal efficiency, and the 
entropy generation are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy 
changes are negligible. 3 Air is an ideal gas with constant specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg.K and the specific heat of air at 
an average temperature of (20+300)/2 = 160°C = 433 K is c p = 1.018 kJ/kg.K (Table 
A-2). 

Analysis (a) The power input is determined from an energy balance on the control 
volume 


W c =mc p (T 2 -T l ) + Q out 

= (0.4 kg/s)(1.018 kJ/kg.°C)(300 - 20)°C + 15 kW 

= 129.0kW 


Q 300°C 



( b ) The power input for a reversible -isothermal process is given by 


W T= const. = niRl\ In — = (0.4 kg/s)(0.287 kJ/kg.K)(20 + 273 K)ln 

P\ 


1200 kPa 
100 kPa 


A 


83.6 kW 


Then, the isothermal efficiency of the compressor becomes 


= 




r=const. 



83.6 kW 
129.0 kW 


0.648 


(c) The rate of entropy generation associated with this process may be obtained by adding the rate of entropy change of air 
as it flows in the compressor and the rate of entropy change of the surroundings 



^^air ^‘-fsurr ^ 


= (1.018 kJ/kg.K)ln 


T 

n In — - R In 
p T x 

300 + 273 K 

20 + 273 K 


^2 | Qout 

^1 ^SUIT 

- (0.287 kJ/kg.K)ln 


1200 kPa 
100 kPa 


15 kW 
(20 + 273) K 


= 0.0390kW/K 
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7-190 Air is compressed steadily by a compressor from a specified state to a specified pressure. The minimum power input 
required is to be determined for the cases of adiabatic and isothermal operation. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Air is an ideal gas with variable specific heats. 4 The process is reversible since the work input to the 
compressor will be minimum when the compression process is reversible. 


Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Analysis ( a ) For the adiabatic case, the process will be reversible and adiabatic (i.e., isentropic), thus the isentropic relations 
are applicable. 


and 


T x = 290 K >P rx = 1.231 1 and h x = 290. 16 kJ/kg 


R 700 kPa T 2 = 503.3 K 

P, =-±P„ = (1.2311) = 8.6177 -» 2 


R 


100 kPa 


/*2 = 506.45 kJ/kg 


The energy balance for the compressor, which is a steady-flow system, can be 
expressed in the rate form as 


E i n - E oui 


A F 

^-^system 


<^0 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 


2 


2 



^in “ -^out 


W in + mh x = mh 2 —> W m = m(h 2 —h x ) 

Substituting, the power input to the compressor is determined to be 
W in = (5/60 kg/s)(506.45 - 290. 16)kJ/kg = 1 8.0 kW 
(b) In the case of the reversible isothermal process, the steady-flow energy balance becomes 

A = 4>ut Win + ~ Gout = ^in = Gout + «(*2 “ h \ ^ = Gout 


since h = h(T) for ideal gases, and thus the enthalpy change in this case is zero. Also, for a reversible isothermal process, 
Gout = ™ T i s i -* 2 ) = -mT(s 2 - .v, ) 


where 

s 2 -5 x = (s° 2 - s° x Y {) -R\n^ = -R\n^ = -(0.287 kJ/kg • K) In 7Q ° kPa 
v ’ P x P x v 7 lOOkPa 

Substituting, the power input for the reversible isothermal case becomes 


-0.5585 kJ/kg -K 


W m = -(5/60 kg/s)(290 K)(-0.5585 kJ/kg • K) = 1 3.5 kW 
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7-191 Air is compressed in a two-stage ideal compressor with intercooling. For a specified mass flow rate of air, the power 
input to the compressor is to be determined, and it is to be compared to the power input to a single-stage compressor. 

Assumptions 1 The compressor operates steadily. 2 Kinetic and potential energies are negligible. 3 The compression process 
is reversible adiabatic, and thus isentropic. 4 Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.287 kPa.m/kg.K (Table A-l). The specific heat ratio of air is k = 1.4 (Table A- 

2). 


Analysis The intermediate pressure between the two stages is 

P x = ^P X P 2 - V( 1°° kPaX625 kPa) = 250 kPa 

The compressor work across each stage is the 
same, thus total compressor work is twice the 
compression work for a single stage: 


w 


comp,in 


in = (2)kcomp,„,I ) = 2 ^ (jfc / />, ) (A '“ 1)/ * 


-1 


= 2 


(1.4X0.287 kJ/kg-KX300 K)( ( 250kPa^ 0 ‘ 4/L4 


1.4-1 


100 kPa 


-1 


= 180.4 kJ/kg 


and 


100 kPa 625 kPa 

27°C 



W in = mw cornp , n = (o. 15 kg/s)(l80.4 kJ/kg) = 27.1 kW 


The work input to a single-stage compressor operating between the same pressure limits would be 


w 


comp 411 


kRT 1 
k - 




-i = 


(1.4X0.287 kJ/kg -KX300 k) 


^625 kPa ^°- 4/1 - 4 


1.4-1 


100 kPa 


-1 


= 207.4 kJ/kg 


and 


w in =mw mnvin = (0. 15 kg/s)(207.4 kJ/kg) = 31.1 kW 

Discussion Note that the power consumption of the compressor decreases significantly by using 2-stage compression with 
intercooling. 
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7-192 Steam expands in a two-stage adiabatic turbine from a specified state to specified pressure. Some steam is extracted at 
the end of the first stage. The power output of the turbine is to be determined for the cases of 100% and 88% isentropic 
efficiencies. 


Assumptions 1 This is a steady-flow process since there is no 
change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The turbine is adiabatic and thus heat transfer is 
negligible. 

Properties From the steam tables (Tables A-4 through 6) 


P x = 6 MPa 
r, = 500°c 


h x = 3423.1 kJ/kg 
s x = 6. 8826 kJ/kg -K 


P 2 =1.2 MPa 
^2 = ^1 

P 3 = 20 kPa 

^3 = ^1 


h 2 =2962.8 kJ/kg 


*3 = 


s 3 -s f 6.8826-0.8320 


' fg 


7.0752 


= 0.8552 


6 MPa 
500°C 



h 3 =h f +x 3 h fg = 251.42+ (0.8552)(2357. 5)= 2267.5 kJ/kg 

Analysis ( a ) The mass flow rate through the second stage is 
m 3 = 0.9m, = (0.9Xl5 kg/s) = 13.5 kg/s 


We take the entire turbine, including the connection part between the two stages, as the system, which is a control volume 
since mass crosses the boundary. Noting that one fluid stream enters the turbine and two fluid streams leave, the energy 
balance for this steady-flow system can be expressed in the rate form as 


E m ~ E oal 

V 

Rateofneten erg y trai s fer 
by heat, work, and mass 


A E B 


<P0 (steady) 


system 


= 0 


Rate of changein internal, kinetic, 
potential, etc. energies 


E i n = £out 


m x h x = ( m x - m 3 )h 2 + W out + rn^ 

Wout = - 0”i - ”h)h - 

— m x (h x -h 2 ) + rh 3 (h 2 - h 3 ) 


Substituting, the power output of the turbine is 

W out = (15 kg/sX3423. 1 - 2962.8)kJ/kg + (l3.5 kgX2962.8 - 2267.5)kJ/kg = 16,290 kW 
( b ) If the turbine has an isentropic efficiency of 88%, then the power output becomes 
w a =T] T W S =(0.88Xl6,290kw)= 14,335 kW 
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7-193 Refrigerant- 1 34a is compressed by a 1.3-kW adiabatic compressor from a specified state to another specified state. 
The isentropic efficiency, the volume flow rate at the inlet, and the maximum flow rate at the compressor inlet are to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Properties From the R-134a tables (Table A- 13) 


P l = 140 kPa 
T x =-10°C 


v x =0. 14605 m 3 /kg 
h x = 246.37 kJ/kg 
s x =0.9724 kJ/kg - K 


P 2 = 700 kPa 
T 2 = 60°C 



298.44 kJ/kg 


P 2 = 700 kPa 

^2.9 = ^1 


\h 2s =281. 18 kJ/kg 


2 



Analysis (a) The isentropic efficiency is determined from its definition, 


h 2s -h x _ 281.18-246.37 
h 2a -h x ~ 298.44-246.37 


= 0.668 = 66 . 8 % 


(b) There is only one inlet and one exit, and thus m x = = m . We take the actual compressor as the system, which is a 

control volume. The energy balance for this steady-flow system can be expressed as 


-^in ^out 

V j 

V 

R ate of netenergy trai s fer 
by heat, work, and mass 


a 17 <^0 (steady) 

^"'system 

v. J 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 




W. d in + mh x = mh 2 (since Q = Ake = Ape = 0) 

W'a.in = m(h 2 - h\ ) 


Then the mass and volume flow rates of the refrigerant are determined to be 


W a ,in 1.3 kJ/s 

m — — 

h 2a - h x (298.44 - 246.37)kJ/kg 

0 X = mi/, = (0.02497 kg/s)(o. 14605 m 3 / 


= 0.02497 kg/s 


= 0.003647 m 3 /s = 219 L/min 


(c) The volume flow rate will be a maximum when the process is isentropic, and it is determined similarly from the steady- 
flow energy equation applied to the isentropic process. It gives 


m max 


W 

r s,in 


1.3 kJ/s 


h 2s -h x (281.18- 246. 37)kJ/kg 


= 0.03735 kg/s 


K,max =^max c/ l = 



0.14605 m 



= 0.005455 m 3 /s 


= 327 L/min 


Discussion Note that the raising the isentropic efficiency of the compressor to 100% would increase the volumetric flow rate 
by about 50%. 
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7-194 N ^ iV An adiabatic compressor is powered by a direct-coupled steam turbine, which also drives a generator. The net 
power delivered to the generator and the rate of entropy generation are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The devices are adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with variable specific heats. 


Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). From the steam tables (Tables A-4 through 6) and air 
table (Table A- 17), 


Tx 

t 2 

Pi 

t 3 

Pa 

*4 


= 295 K — 
= 620 K — 
= 12.5 MPa 
= 500°C 

= 10 kPa 
= 0.92 


-> h x = 295. 17 kJ/kg, s° x = 1.68515 kJ/kg • K 
-» h x = 628.07 kJ/kg, s° 2 = 2.44356 kJ/kg • K 
' h 3 = 3343.6 kJ/kg 
' s 3 =6.4651 kJ/kg K 

h 4 = h f + x 4 h fg = 191.81 + (0.92X2392.1) = 2392.5 kJ/kg 
S 4 zz Sf + x 4 s fg = 0.6492 + (0.92)(7.4996) = 7.5489 kJ/kg • K 


Analysis There is only one inlet and one exit for either device, and thus 
m [n = m out = m . We take either the turbine or the compressor as the system, 

which is a control volume since mass crosses the boundary. The energy balance 
for either steady-flow system can be expressed in the rate form as 


12.5 MPa 



^in ^out 

v. J 

V 

Rate of net energy transfer 
by heat, work, and mass 


AF (steady) - 0 p - p 

system — 

\ j 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


For the turbine and the compressor it becomes 

Compressor: W comp4n + m w h x = m^h 2 -> W compjn = m air (h 2 - \ ) 

Turbine: ™ st eam /l 3 = ^mrb.out + ^tuib.out = ~ K) 


Substituting, 

W compin = (10 kg/s)(628.07 - 295. 17)kJ/kg = 3329 kW 
Wtu*,out = ( 2 5 kg/sX3343.6-2392.5)kJ/kg = 23,777 kW 


Therefore, 

WVout = ^tu*.ou, - ^conpin = 23,777 - 3329 = 20,448 kW 

Noting that the system is adiabatic, the total rate of entropy change (or generation) during this process is the sum of the 
entropy changes of both fluids, 

^gen = ,7 \ir (*^2 — ^l) + ^s team (^4 — ^3) 


where 


P 


m^{s 2 -s x ) = m s° 2 -s° x -R\ n-2- = (l0kg/s| 2.44356-1. 68515-0.2871n 


P, 


i 




1000 kPa 
98 kPa 


\ 


kJ/kg • K = 0.92 kW/K 


^ steam (s 4 - s 3 ) = (25 kg/s)(7.5489 - 6.465 l)kJ/kg • K = 27. 1 kW/K 
Substituting, the total rate of entropy generation is determined to be 


■V-lota, = ‘^gen.comp + ^gen.tu* = »-92 + 27.1 = 28.02 kW/K 
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7-195 msem * Problem 7-194 is reconsidered. The isentropic efficiencies for the compressor and turbine are to be 
determined, and then the effect of varying the compressor efficiency over the range 0.6 to 0.8 and the turbine efficiency over 
the range 0.7 to 0.95 on the net work for the cycle and the entropy generated for the process is to be investigated. The net 
work is to be plotted as a function of the compressor efficiency for turbine efficiencies of 0.7, 0.8, and 0.9. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Input Data" 

m_dot_air = 10 [kg/s] "air compressor (air) data" 

T_air[1]=(295-273) "[C]" "We will input temperature in C" 

P_air[1]=98 [kPa] 

T_air[2]=(700-273) "[C]" 

P_air[2]=1 000 [kPa] 

m_dot_st=25 [kg/s] "steam turbine (st) data" 

T_st[1]=500 [C] 

P_st[1]=12500 [kPa] 

P_st[2]=10 [kPa] 
x_st[2]=0.92 "quality" 

"Compressor Analysis:" 

"Conservation of mass for the compressor m_dot_air_in = m_dot_air_out =m_dot_air" 

"Conservation of energy for the compressor is:" 

E dot comp in - E dot comp out = DELTAE dot comp 
DELTAE_dot_comp = 0 "Steady flow requirement" 

E_dot_comp_in=m_dot_air*(enthalpy(air,T=T_air[1])) + W_dot_comp_in 
E_dot_comp_out=m_dot_air*(enthalpy(air,T=T_air[2])) 

"Compressor adiabatic efficiency:" 

Eta_comp=W_dot_comp_in_isen/W_dot_comp_in 

W_dot_comp_in_isen=m_dot_air*(enthalpy(air,T=T_air_isen[2])-enthalpy(air,T=T_air[1])) 

s_air[1]=entropy(air,T=T_air[1],P=P_air[1]) 

s_air[2]=entropy(air,T=T_air[2],P=P_air[2]) 

s_air_isen[2]=entropy(air, T=T_air_isen[2],P=P_air[2]) 

s_a i r_i sen [2] =s_a i r[ 1 ] 

"Turbine Analysis:" 

"Conservation of mass for the turbine m_dot_st_in = m dot st out =m_dot_st" 

"Conservation of energy for the turbine is:" 

E_dot_turb_in - E_dot_turb_out = DELTAE_dot_turb 
DELTAE_dot_turb = 0 "Steady flow requirement" 

E_dot_turb_in=m_dot_st*h_st[1 ] 

h_st[1 ]=enthalpy(steam ,T =T_st[1 ] , P=P_st[1 ]) 

E_dot_turb_out=m_dot_st*h_st[2]+W_dot_turb_out 
h_st[2]=enthalpy(steam,P=P_st[2], x=x_st[2]) 

"Turbine adiabatic efficiency:" 

Eta_turb=W_dot_turb_out/W_dot_turb_out_isen 
W_dot_turb_out_isen=m_dot_st*(h_st[1]-h_st_isen[2]) 
s_st[1]=entropy(steam,T=T_st[1],P=P_st[1]) 
h_stjsen[2]=enthalpy(steam, P=P_st[2],s=s_st[1]) 

"Note: When Eta_turb is specified as an independent variable in 
the Parametric Table, the iteration process may put the steam state 2 in the 
superheat region, where the quality is undefined. Thus, s_st[2], T_st[2] are 
calculated at P_st[2], h_st[2] and not P_st[2] and x_st[2]" 
s_st[2]=entropy(steam,P=P_st[2],h=h_st[2]) 

T_st[2]=temperature(steam,P=P_st[2], h=h_st[2]) 
s_st _isen[2]=s_st[1 ] 

"Net work done by the process:" 

W_dot_net=W_dot_turb_out-W_dot_comp_in 
"Entropy generation:" 

"Since both the compressor and turbine are adiabatic, and thus there is no heat transfer 
to the surroundings, the entropy generation for the two steady flow devices becomes:" 

S dot gen comp=m dot air*( s_air[2]-s_air[1]) 
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S_dot_gen_turb=m_dot_st*(s_st[2]-s_st[1]) 

S_dot_gen_total=S_dot_gen_comp+S_dot_gen_turb 

"To generate the data for Plot Window 1 , Comment out the line ' T_air[2]=(700-273) C' 
and select values for Eta_comp in the Parmetric Table, then press F3 to solve the table. 
EES then solves for the unknown value of T_air[2] for each Eta_comp." 

"To generate the data for Plot Window 2, Comment out the two lines ' x_st[2]=0.92 quality ' 
and ' h_st[2]=enthalpy(steam,P=P_st[2], x=x_st[2]) ' and select values for Eta_turb in the 
Parmetric Table, then press F3 to solve the table. EES then solves for the h_st[2] for each 
Eta turb." 


W net 

fkwi 

Sgentotal 

[kW/K] 

^lturb 

^lcomp 

20124 

27.59 

0.75 

0.6665 

21745 

22.51 

0.8 

0.6665 

23365 

17.44 

0.85 

0.6665 

24985 

12.36 

0.9 

0.6665 

26606 

7.281 

0.95 

0.6665 


w net 

fkwi 

Sgentotal 

[kW/K] 

^Iturb 

^Icomp 

19105 

30 

0.7327 

0.6 

19462 

29.51 

0.7327 

0.65 

19768 

29.07 

0.7327 

0.7 

20033 

28.67 

0.7327 

0.75 

20265 

28.32 

0.7327 

0.8 


Effect of Compressor Efficiency on Net Work and Entropy Generated 



* 


re 

o 

c 

0 ) 

O) 

•CO 


Effect of Turbine Efficiency on Net Work and Entropy Generated 



30 


25 

* 

20 



"re 

15 

o 

■4— • 

10 

c 

Q> 

O) 

•CO 


5 
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7-196 Air is expanded by an adiabatic turbine with an isentropic efficiency of 85%. The outlet temperature and the work 
produced are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at the anticipated average temperature of 400 
K are c p = 1.013 kJ/kg- °C and k = 1.395 (Table A-2a). 

Analysis We take the turbine as the system, which is a control volume since 
mass crosses the boundary. Noting that one fluid stream enters and leaves the 
turbine, the energy balance for this steady-flow system can be expressed in the 
rate form as 


^in ^out 


A F 

^-^system 


<^0 (steady) 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

E[ n “ ^out 


mh x =W af0Ut + mh 2 (since Q = Ake = Ape = 0) 
«,out = / ^i -h 2 )=mc p (T l -T 2 ) 


The isentropic exit temperature is 


Tis = T x 


(k-\)/k 


= (300 + 273 K) 


200 kPa 
2200 kPa 


0.395/1.39 


= 290. 6 K 


P { =2.2 MPa 
Tx = 300°C 


Air 

turbine 


P 2 =200 kPa 


2 MPa 



From the definition of the isentropic efficiency, 

w%out = 7r^,out = ri T c p (T x - T 2s ) = (0.85)(1 .013 kJ/kg • K)(573 - 290. 6)K = 243.2k J/kg 
The actual exit temperature is then 


~ C p(T 1 T 2 a ) 


T 2a =Tx~ 


= Tx~ 


= 573 K - 


243. 2 kJ/kg 
1.013 kJ/kg -K 


= 333K 
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7-197 Air is expanded by an adiabatic turbine with an isentropic efficiency of 85%. The outlet temperature, the work 
produced, and the entropy generation are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at the anticipated average temperature of 400 
K are c p = 1.013 kJ/kg-°C and k = 1.395 (Table A-2b). Also, R = 0.287 
kJ/kg-K (Table A-2a). 

Analysis We take the turbine as the system, which is a control volume since 
mass crosses the boundary. Noting that one fluid stream enters and leaves the 
turbine, the energy balance for this steady-flow system can be expressed in the 
rate form as 


^in -^out 


A F 

^-^system 


<^0 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 

K = £out 


mh\ = W a , out + mh 2 (since Q = Ake = Ape = 0) 

Aout = - h l)= > hc p <Tl ~ T l) 


The isentropic exit temperature is 


t 2s =t x 


r 2s 


J 


= (400 + 273 K) 


r 150 kPa n °' 395/1 ‘ 39 


2800 kPa 


= 293. 8K 


P x =2.8 MPa 
r, = 400°c 




From the definition of the isentropic efficiency, 

w«,ou, =? 7r^, out =?7rCp(7i -T ls ) = (0.90)(1.013kJ/kg • K)(673 -293.8)K = 345.7kJ/kg 
The actual exit temperature is then 


w. 


w. 


w„ =c (7\ -T 2a ) >T 2a =T i __^ =ri __^i = 673K _ 345-7 kJ/kg =331 _ 8K 


a, out 


1 


1 


C 


C 


p ~ P 1.013 kJ/kg • K 

The rate of entropy generation in the turbine is determined by applying the rate form of the entropy balance on the turbine: 


6 _ 6 c _ AC <^0 (steady) 

°in ° oiit °gen system 

Rate of net entropy tansfer Rateof entropy Rateof change 

by heat and mass generation of entropy" 

m l s l - m 2 s 2 + iS gen = 0 (since 2 = 0) 
Vn =m{s 2 - Si) 

^gen = ^2 “ ^1 


Then, from the entropy change relation of an ideal gas, 


T 2 

= So - s, =c n In R In 


s gen ^2 3 1 ^ p 


r, 


h 

p 


= (1.013 kJ/kg -K)ln 


331.8 K 
673 K 


(0.287 kJ/kg • K)ln 


150 kPa 
2800 kPa 


= 0.123kJ/kg K 
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7-198 A throotle valve is placed in the steam line of an adiabatic turbine. The work output is to be determined with and 
without throttle valve cases. 
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Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the 

actual turbine as the system, which is a control volume since mass crosses the 
boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


^in ^out 


= A E 


system 


<^0 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 

E m = £out 


mh x = W aout + mh 2 (since Q = Ake = Ape = 0) 
W out = m(h x -h 2 ) 


6 MPa 
400°C 



When the valve is fully open, from the steam tables (Tables A-4 through A-6), 


P x = 6 MPa 
T x = 400°C 
P 3 = 70 kPa 


h x = 3178.3 kJ/kg 
s x = 6.5432 kJ/kg -K 

] x 3 =0.8511 


s 3 =s x =6. 5432 kJ/kg • KJ 


h 3 =23 19.6 kJ/kg 


Then, 



w out =h x -h 3 =3178.3- 2319.6 = 858.6kJ/kg 


The flow through the throttle valve is isenthalpic (constant entahlpy). When the valve is partially closed, from the steam 
tables (Tables A-4 through A-6), 


P 2 = 3 MPa 


h 2 =h x =3178.3 kJ/kg 

P 3 = 70 kPa 

=6.8427 kJ/kg -KJ 


=6.8427 kJ/kg -K 


x 3 = 0.8988 
h 3 =2428.4 kJ/kg 


Then, 


™oui = h 2 ~ h 3 =3 178.3 -2428.4 = 749.9k J/kg 
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7-199 Two rigid tanks that contain water at different states are connected by a valve. The valve is opened and steam flows 
from tank A to tank B until the pressure in tank A drops to a specified value. Tank B loses heat to the surroundings. The 
final temperature in each tank and the entropy generated during this process are to be determined. 

Assumptions 1 Tank A is insulated, and thus heat transfer is negligible. 2 The water that remains in tank A undergoes a 
reversible adiabatic process. 3 The thermal energy stored in the tanks themselves is negligible. 4 The system is stationary 
and thus kinetic and potential energy changes are negligible. 5 There are no work interactions. 

Analysis {a) The steam in tank A undergoes a reversible, adiabatic process, and thus s 2 = s t . From the steam tables (Tables 
A-4 through A-6), 

Tank A: 


P x = 400 kPa 
x x = 0.6 


</ 1A = v f +x x v fg =0.001084 + (0.6X0.46242 -0.001084)= 0.27788 m 3 /kg 
\u hA =u f + x l u fg = 604.22 + (0.6)(l 948.9)= 1773.6 kJ/kg 
s 1A =s f +X l s fg = 1. 7765 + (0.6)(5. 1191) =4. 8479 kJ/kg -K 


T 2 ,a - T.. 


P ] = 200 kPa 


S n — S i 


(sat. mixture) 


X 2,A = 


sat@200kPa 
S 2,A ~ S f 


fg 


= 120.2°C 

4.8479-1.5302 

5.59680 


= 0.5928 


C/ 2A = v f +x 2tA v fg = 0.001061 + (0.5928)(0. 8858 -0.00106l)= 0.52552 m 3 /kg 
U 2A = Uf +x 2tA u fg = 504.50 + (0.5928)(2024.6 kJ/kg) = 1704.7 kJ/kg 


Tank B: 


P x = 200 kPa 
T x = 250°C 


v X B = 1. 1989 m 3 /kg 
u x B =2731.4 kJ/kg 
s XB =7.7100 kJ/kg -K 


300 kJ 


The initial and the final masses in tank A are 


{/ 


m l,A = 


A 


0.3 nr 


and 


"lA 0.27788 m 7kg 
0.3 m 3 


= 1.080 kg 


A 


f 

B 

steam 

(*) 

steam 

V= 0.3 m 3 


m = 2 kg 

P = 400 kPa 


T=250°C 

X 

n 

o 

bs 


P = 200 kPa 


V 


m 2,A = 


A 


= 0.5709 kg 


v 2i A 0.52552 m /kg 
Thus, 1.080 - 0.5709 = 0.5091 kg of mass flows into tank B. Then, 
m 2B = m XB + 0.5091 = 2 + 0.5091 = 2.509 kg 


The final specific volume of steam in tank B is determined from 

- (2tg )<' 1 ‘ >89m3/t8 ) - 0.9558 m 3 /lcg 
m 2B m 2B 2.509 kg 


We take the entire contents of both tanks as the system, which is a closed system. The energy balance for this stationary 
closed system can be expressed as 


^in ^out 

Vs J 

V 

Net energy traisfer 
by heat, worik, and mass 


A F 

system 

^ J 

V 

Changein internal, kinetic, 
potential, etc. energies 


-<2 out = A U = (A U) A +(A U) B (since W = KE = PE = 0) 
-Soul =(m 2 u 2 -m 1 u l ) A +(m 2 u 2 -m x u x ) B 


Substituting, 
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300 = {(0.5709)(1704.7) — (l.080)(l773.6)}+{(2.509 >< 2 b -(2X2731.4)) 

u 2 b = 2433.3kJ/kg 
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Thus, 

v 2B = 0.9558 m 3 /kg| T 2B = 1 1 6.1°C 
u 2B = 2433.3 kJ/kg Ui, B = 6.9156 kJ/kg-K 

(Z?) The total entropy generation during this process is determined by applying the entropy balance on an extended system 
that includes both tanks and their immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. It gives 

c . _ c _i_ c — ac 
u in ‘“'out ' ‘“'gen system 

Net entropy tnnsfer Entropy Change 
b y h eat an d mas s g en eratio n in en tro p y 

-^ £HL + 5 g en=A5 A +A5 B 

1 b,sun - 

Rearranging and substituting, the total entropy generated during this process is determined to be 


Sgen =AS a +AS b +y^- = (m 2 s 2 -m 1 s 1 ) A +(m 2 s 2 

1 b,suir 1 b,surr 

= {(0.5709 X4. 8479) - (l ,080)(4. 8479)} + {(2.509)(6.9 1 56) - (2)(7.7 1 00)} + 3 °° kJ 

290 K 

= 0.498kJ/K 
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7-200 An electric resistance heater is immersed in water. The time it will take for the electric heater to raise the water 
temperature to a specified temperature and the entropy generated during this process are to be determined. 
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Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the container itself 
and the heater is negligible. 3 Heat loss from the container is negligible. 

Properties The specific heat of water at room temperature is c = 4. 1 8 kJ/kg °C (Table A-3). 

Analysis Taking the water in the container as the system, which is a closed system, the energy balance can be expressed as 

^in — ^out — ^-^system 

V v ' . v V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

We, in =(A £/) water 

W c m At = mc(T 2 -7i) water 

Substituting, 

(1200 J/s)At = (40 kg)(4180 J/kg-°C)(50 - 20)°C 
Solving for At gives 

At = 4180 s = 69.7 min = 1.16 h 




Water 
40 kg 

D Heater 


Again we take the water in the tank to be the system. Noting that no heat or mass crosses the boundaries of this system and 
the energy and entropy contents of the heater are negligible, the entropy balance for it can be expressed as 

c _ e + e = AS 
y in out 1 ‘-'gen ^ system 

Net entropy tnnsfer Entropy Change 

by heat and mass generation in entropy 

0 + S gen — AS water 


Therefore, the entropy generated during this process is 

T 323 K 

Sgen = AS water = me In -f = (40 kgX4- 18 kJ/kg • K)ln — — = 16.3 kJ/K 

1 i ZyJ J\. 
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7-201E A rigid tank initially contains saturated R-134a vapor. The tank is connected to a supply line, and is charged until 
the tank contains saturated liquid at a specified pressure. The mass of R-134a that entered the tank, the heat transfer with the 
surroundings at 100°F, and the entropy generated during this process are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential energies 
are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be verified). 

Properties The properties of R-134a are (Tables A-l 1 through A- 13) 


P x = 60 psia 
sat. vapor 

P 2 =100 psia 
sat. liquid 

Pj =140 psia 
T ; = 80°F 


v \ = ‘'goeopsia = 0.79462 ft 3 /lbm 


u \ w g@60psia 


Si = S 


g@ 60 psia 


= 101.31 Btu/lbm 
= 0.22132 Btu/lbm- R 


R-134a 


140 psia 
80°F 


= t/ /@ioop S ia=0-0 1 332ft /lbm 


u 2 ~ u f@ lOOpsia 
2 _ @100 psia 


= 37.62 Btu/lbm 


So =0.07879 Btu/lbm- R 


hj = h f@ 80 °f = 38. 17 Btu/lbm 


S: = s 


7 @ 

/@80°F 



= 0.07934 Btu/lbm- R 


Analysis ( a ) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, the mass and 
energy balances for this uniform-flow system can be expressed as 


Mass balance : 
Energy balance : 


nv m m out A/7t S y Stem 


nij = m 2 —m 


^in ^out 


A E 


system 


Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

<2 in + m i h i =m 2 u 2 -m l u l (since W = ke = pe = 0) 
The initial and the final masses in the tank are 


m x = — = 


V 

t/i 


5ft 


= 6.292 lbm 


V 


5ft 


m 2 = 


0.01332 ft 3 /lbm 


= 375.30 lbm 


d 0.79462 ft 71bm 
Then from the mass balance, 

m i — m 2 —m x =375.30 -6.292 = 369.0 lbm 

( b ) The heat transfer during this process is determined from the energy balance to be 

Gin =~m i h i + m 2 u 2 -m 1 u 1 

= -(369.0 lbm)(38. 17 Btu/lbm) + (375.30 lbmX37.62 Btu/lbm) - (6.292 lbm)(l01 .3 1 Btu/lbm) 

= -602.5 Btu 

The negative sign indicates that heat is lost from the tank in the amount of 602.5 Btu. 

(c) The entropy generated during this process is determined by applying the entropy balance on an extended system that 
includes the tank and its immediate surroundings so that the boundary temperature of the extended system is the temperature 
of the surroundings at all times. The entropy balance for it can be expressed as 

Gin 


^in ^out 


+ 5 


gen 


= A S 0 


system 




m i s i +5 gen =A s tdnk =m 2 s 2 - m x s x 


Net entropy tnnsfer Entropy Change 
byheatandmass generation in entropy 


b,in 


Therefore, the total entropy generated during this process is 

Gi 


Sgen =-m i s i + (m 2 s 2 -mjSj)- 


-in 


T\ 


b,in 


= -(369.0)(0.07934) + (375.30)(0.07879)-(6.292X0.22132)- ( 6Q2 5Btu ) = 0.0369Btu/R 

530 R 
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7-202 The heating of a passive solar house at night is to be assisted by solar heated water. The length of time that the electric 
heating system would run that night and the amount of entropy generated that night are to be determined. 


Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the glass 
containers themselves is negligible relative to the energy stored in water. 3 The house is maintained at 22°C at all times. 

Properties The density and specific heat of water at room temperature are p = 997 kg/m and c = 4.18 kJ/kg °C (Table A- 
3). 


Analysis The total mass of water is 

m w = pV = (0.997 kg/LX50 x 20 L) = 997 kg 


Taking the contents of the house, including the water as our system, 
the energy balance relation can be written as 



v 

Net energy transfer 
by heat, work, and mass 



Q-oni 


A F 

system 

s. J 

V 

Changein internal, kinetic, 
potential, etc. energies 


At/ = (At/) water +(At/) air 

water 

mc(T 2 - T, ) water 


50,000 kJ/h 



or, 


We, in ' At - Q out = \mc(T 2 - T x )] W£ 


water 


Substituting, 

(15 kJ/s)A t - (50,000 kJ/h)(10 h) = (997 kg)(4.18 kJ/kg °C)(22 - 80)°C 

It gives 

At = 17,219 s = 4.78 h 

We take the house as the system, which is a closed system. The entropy generated during this process is determined by 
applying the entropy balance on an extended system that includes the house and its immediate surroundings so that the 
boundary temperature of the extended system is the temperature of the surroundings at all times. The entropy balance for the 
extended system can be expressed as 


c _ c 

°in J out 


^ gen ^system 

Net entropy tnnsfer Entropy Change 
by heat and mass generation in entropy 


Q 


out 


r, 


c -AS 1 + A S' . - A S' 

° gen water ~ air water 


b,out 


since the state of air in the house remains unchanged. Then the entropy generated during the 10-h period that night is 


^gen ^ water ~*~ 


Q 


out 


r, 


r j ^ 

me In — 


b,out 


r, 


+ 


Q 


out 


1 J 


water 


T, 


sura 


= (997 kg)(4. 1 8 kJ/kg • K)ln 


295 K | 500,000 kJ 


353 K 


276 K 


= -748 + 1811 = 1063 kJ/K 
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7-203E A steel container that is filled with hot water is allowed to cool to the ambient temperature. The total entropy 
generated during this process is to be determined. 

Assumptions 1 Both the water and the steel tank are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energy changes are zero. 3 Specific heat of iron 
can be used for steel. 4 There are no work interactions involved. 


Properties The specific heats of water and the iron at room temperature are c p _ water = 1.00 Btu/lbm.°F and C p _ iron = 0.107 
Btu/lbm.°C. The density of water at room temperature is 62.1 lbm/ft 3 (Table A-3E). 

Analysis The mass of the water is 

^ water = P w = (62. 1 lbm/ft 3 )(15 ft 3 ) = 931.5 lbm 


We take the steel container and the water in it as the system, which is a closed system. The energy balance on the system can 
be expressed as 


^in -^out 

y J 

V 

Net en erg y trdn s fer 
by heat, work, and mass 


A F 

system 

y. > 

V 

Changein internal, kinetic, 
potential, etc. energies 


Gout ^ ^ container water 


[/?26 (7*2 T\ )] con tainer (-^2 )] water 


Substituting, the heat loss to the surrounding air is determined to be 



Steel 


Gout =[mc(T x - T 2 )] container + [mc(T { -7 2 )] water 

= (75 lbm)(0. 107 Btu/lbm° F)(120 - 70)°F + (93 1 .5 lbm)(l .00 Btu/lbm- °F)(120 - 70)°F 
= 46,976 Btu 


We again take the container and the water In it as the system. The entropy generated during this process is determined by 
applying the entropy balance on an extended system that includes the container and its immediate surroundings so that the 
boundary temperature of the extended system is the temperature of the surrounding air at all times. The entropy balance for 
the extended system can be expressed as 



Net entropy tnnsfer Entropy 

by heat and mass generation 


AS 


system 


Change 
in entropy 


Q 


out 


7 


^gen ^ container ^ water 


b,out 


where 


T 530 R 

AS contamer = mc avg In -X = (75 \bm\0 . 107 Btu/lbm- R>n — — = -0.72 Btu/R 

jL | JoU Jtv 

T 530 R 

A5 wa ,er =?KC avg In — = (93 1 . 5 lbm)(l .00 Btu/lbm- R )ln = -83.98Btu/R 

7j 580 R 

Therefore, the total entropy generated during this process is 

S„ n =A5 , container + A5' water + -^- = -0.72 -83.98+ 46,976 BtU =3.93 Btu/R 
gen container water ^ ^ 70 + 460 R 
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7-204 A 1- ton (1000 kg) of water is to be cooled in a tank by pouring ice into it. The final equilibrium temperature in the 
tank and the entropy generation are to be determined. 

Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the water tank is negligible. 3 There 
is no stirring by hand or a mechanical device (it will add energy). 


Properties The specific heat of water at room temperature is c = 4.18 kJ/kg- °C, and the specific heat of ice at about 0°C is 
c = 2.1 1 kJ/kg- °C (Table A-3). The melting temperature and the heat of fusion of ice at 1 atm are 0°C and 333.7 kJ/kg.. 


Analysis {a) We take the ice and the water as the system, and 
disregard any heat transfer between the system and the surroundings. 
Then the energy balance for this process can be written as 


^in ^out 

V J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

^-^system 

V 

Changein internal, kinetic, 
potentiate, energies 


0 = A U 


0 = A U ice 


+ Atwater 


[mc(0°C — 7i ) solid + mh if +mc(T 2 -0°C) liquid ] ice + [mc(T 2 -T ] )] water =0 


Substituting, 



(80 kg){ (2. 1 1 kJ/kg • °C)[0 - (-5)]°C + 333.7 kJ/kg + (4. 18 kJ/kg • °C)(T 2 - 0)°C } 

+ (1000 kg)(4. 18 kJ/kg • °C)(T 2 - 20)°C = 0 


It gives 

T 2 = 12.42°C 

which is the final equilibrium temperature in the tank. 

( b ) We take the ice and the water as our system, which is a closed system. Considering that the tank is well -insulated and 
thus there is no heat transfer, the entropy balance for this closed system can be expressed as 


where 


c _ c i c —AS 1 
‘-'in ‘-'out 1 ‘-'gen ^‘-'system 

Net entropy tnnsfer Entropy Change 
by heat and mass generation in entropy 

0 + Sgen = ^ice + AS water 


AS 


f 


water 


AS;„„ = 


ice 


1 T 2 
me In — 

T 

V 1 J water 

AS solid + AS 


r 


me In 


T ^ 

melting 


r, 


283 42 K 

= (1000 kg)(4. 18 kJ/kg • K ) ln ~ 093 K = -109.6 kJ/K 


r j \ 

me In — 

r ‘ yiit ) uid y , ice 


melting + A5'iiq U i c i /ice 


mh; 


+ 


if 




+ 


1 Aolid melting 


285.42 K 


- (8 ° kg { (2 ' 1 1 “*» ■ K) " w + + {4ASaiks ■ K »" 273 K 
= 115.8 kJ/K 


Then, 


Agen — AS wa ter + ASj ce — - 109.6 + 1 15.8 — 6.2 kJ/K 
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7-205 One ton of liquid water at 80°C is brought into a room. The final equilibrium temperature in the room and the entropy 
change during this process are to be determined. 

Assumptions 1 The room is well insulated and well sealed. 2 The thermal properties of water and air are constant at room 
temperature. 3 The system is stationary and thus the kinetic and potential energy changes are zero. 4 There are no work 
interactions involved. 


• 3 

Properties The gas constant of air is R = 0.287 kPa.m/kg.K (Table A-l). The specific heat of water at room temperature is c 
= 4.18 kJ/kg-°C (Table A-3). For air is c„ = 0.718 kJ/kg-°C at room temperature. 

Analysis (a) The volume and the mass of the air in the room are 


{/= 4x5x7 = 140 m 3 

PM (100 kPa)(l40 m 3 


m air = 


l j v j IN. I Cl rvy ill J 

RT X (o.2870 kPa • m 3 /kg • k)(295 K) 


= 165.4 kg 


Taking the contents of the room, including the water, as our 
system, the energy balance can be written as 

E in -E oul = AZs tem -> 0 = Af/ = (At/) water + (Af/)^ 

' v T ' — v- — ' 

Net energy traisfer Changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 


or 

Mr 2 - T { )] water + [i nc v (T 2 - T, )] air = 0 



Substituting, 

(lOOO kg A 1 8 kJ/kg-° cjj'f - 8o)° C + (l 65.4 kg)(p. 718 kJ/kg-° C^Tf -22fc = 0 


It gives the final equilibrium temperature in the room to be 

7} = 78.4°C 

( b ) Considering that the system is well-insulated and no mass is entering and leaving, the total entropy change during this 
process is the sum of the entropy changes of water and the room air, 

^ total — ^ gen — air + water 


where 


<Po 


T 1/ < ^ K> 351 4 K 

A^r - mc v In— + mR In— = (l65.4 kg)(0.718 kJ/kg • K)ln 


7i 




= 20.78 kJ/K 


295 K 


T 3 5 1 4 K 

A5 water = me In — = (1000 kg)(4. 18 kJ/kg • K)ln : = -18.99 kJ/K 


7i 


353 K 


Substituting, the total entropy change is determined to be 
ASk^ = 20.78 - 18.99 = 1.79 kJ/K 
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7-206 A well-insulated room is heated by a steam radiator, and the warm air is distributed by a fan. The average temperature 
in the room after 30 min, the entropy changes of steam and air, and the entropy generated during this process are to be 
determined. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The kinetic and potential energy 
changes are negligible. 3 The air pressure in the room remains constant and thus the air expands as it is heated, and some 
warm air escapes. 

Properties The gas constant of air is R = 0.287 kPa.m /kg.K (Table A-l). Also, c p = 1.005 kJ/kg.K for air at room 
temperature (Table A-2). 

Analysis We first take the radiator as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this closed system can be expressed as 


^in -^out 

V 

Net en erg y trans fer 
by heat, work, and mass 


A F 

system 

s. j 

V 

Changein internal, kinetic, 
potential, etc. energies 


“Gout = A £7 = m{ii 2 -Mj) (since W = KE = PE = 0) 
Gout = m (U\ -U 2 ) 


Using data from the steam tables (Tables A-4 through A-6), 
some properties are determined to be 


P l = 200 kPa 

r, = 200°c 


^ c/, = 1.0805 m 3 /kg 
>u x - 2654.6 kJ/kg 

J = 7.5081 kJ/kg.K 


P 2 =100 kPa 

(y 2 = i/j ) 


i/ 7 =0.001043, 
u f =417.40, 

s f =1.3028, 


v g = 1.6941 m 3 /kg 
Uj g = 2088.2 kJ/kg 

s fg =6.0562 kJ/kg.K 


S 


S 


10°C 

4mx4mx5m 



Steam 

radiator 


^ 2 -Vf 1.0805-0.001043 n 

x ? = = = 0.6376 

u fg 1.6941-0.001043 

u 2 = u j- +x 2 u f g = 417.40 + 0.6376x2088.2 = 1748.7 kJ/kg 
5 2 =s f + x 2 s fg =1.3028 + 0.6376x6.0562 = 5.1642 kJ/kg.K 


(/, 0.015 m 3 

m = — = 

1.0805 m 3 /kg 


0.01388 kg 


Substituting, 

Q om = (0.01388 kg)( 2654.6 - 1748.7)kJ/kg = 12.6 kJ 
The volume and the mass of the air in the room are V = 4x4x5 = 80 m 3 and 


P, V x _ (100 kPa)(80 m 3 ) 

mr RT\ (0.2870 kPa • m 3 /kg • K)(283 K) 

The amount of fan work done in 30 min is 


Wfan,m = W fan , in = (0. 120 kJ/s)(30 x 60 s) = 216kJ 

We now take the air in the room as the system. The energy balance for this closed system is expressed as 

F - F = A F 

in ^out system 

Gin ++an,in _ ^b,out = 

Gin ++an,in = &H =m Cp (T 2 -T x ) 

since the boundary work and A U combine into AH for a constant pressure expansion or compression process. 
Substituting, 
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(12.6 kJ) + (216 kJ) = (98.5 kg)(1.005 kJ/kg°C )(T 2 - 10)°C 
which yields 

T 2 = 12.3°C 

Therefore, the air temperature in the room rises from 10°C to 12.3°C in 30 min. 

( b ) The entropy change of the steam is 

Msteam = m(s 2 - ) = (0.01388 kgX5. 1642-7.508l)kJ/kg- K = -0.0325kJ/K 

(c) Noting that air expands at constant pressure, the entropy change of the air in the room is 

T p 285 3 K 

AS' air = mc p In — — mR In — = (98.5 kgXl.005 kJ/kg- K)ln : =0.8013 kJ/K 

Tj P\ 283 K 

(d) We take the air in the room (including the steam radiator) as our system, which is a closed system. Noting that no heat or 
mass crosses the boundaries of this system, the entropy balance for it can be expressed as 

c _ c + c — a<s 

y in out 1 ‘-'gen ^ system 

Net entropy tnnsfer Entropy Change 
by heat and mass generation in entropy 

0 + S g en — AiS sl;eam + AS a - r 

Substituting, the entropy generated during this process is determined to be 
S gen = A 5 steam + ASgfr = -0.0325 + 0.8013 = 0.7688 kJ/K 
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7-207 An insulated cylinder initially contains a saturated liquid -vapor mixture of water at a specified temperature. The entire 
vapor in the cylinder is to be condensed isothermally by adding ice inside the cylinder. The amount of ice added and the 
entropy generation are to be determined. 

Assumptions 1 Thermal properties of the ice are constant. 2 The cylinder is well-insulated and thus heat transfer is 
negligible. 3 There is no stirring by hand or a mechanical device (it will add energy). 

Properties The specific heat of ice at about 0°C is c = 2.1 1 kJ/kg-°C (Table A-3). The melting temperature and the heat of 
fusion of ice at 1 atm are 0°C and 333.7 kJ/kg. 

Analysis (a) We take the contents of the cylinder (ice and saturated water) as our system, which is a closed system. Noting 
that the temperature and thus the pressure remains constant during this phase change process and thus W b + AU = AH, the 
energy balance for this system can be written as 


or 


^ in ^ out 

V, J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

s. J 

V 

Changein internal, kinetic, 
potential, etc. energies 


W bjn 

AH 


KV ^ 


AU 

0 

0 


[" iC (0°C-r 1 ) solid + 7 w/i (/ + mc(T 2 -0°C) liquid ] ice 



The properties of water at 100°C are (Table A-4) 


7 =0.001043, 

v g = 1.6720 m 3 /kg 

h f =419.17, 

h fg = 2256.4 kJ.kg 

y =1.3072 

s fg = 6.0490 kJ/kg. K 


</, =v f +x l v fg = 0.001043+ (0.l)(l. 6720 -0.001043) = 0.16814 m 3 /kg 
h t =h f + Xl h fg = 419. 17 + (O. l)(2256.4) = 644.81 kJ/kg 
,v, = s f + X\S fH = 1.3072+ (0.lX6.0470) = 1.9119 kJ/kg-K 
/z 2 = h f@ louc = 41 9. 17 kJ/kg 
s 2 =s f mmc =1-3072 kJ/kg-K 


^steam 


v \ 


0.02 m 3 
0. 16814 m 3 /kg 


0.119 kg 


Noting that T i, j ce = -18°C and T 2 = 100°C and substituting gives 

m{(2.11 kJ/kg. K)[0-(- 18)] + 333.7 kJ/kg + (4.18 kJ/kg- °C)(100-0)°C} +(0.119 kg)(419. 17 - 644.81) kJ/kg = 0 
m = 0.034 kg = 34.0 g ice 

( b ) We take the ice and the steam as our system, which is a closed system. Considering that the tank is well-insulated and 
thus there is no heat transfer, the entropy balance for this closed system can be expressed as 

c _ c + c - 

‘-'in ^out 1 ‘“'gen 

Net entropy tnnsfer Entropy 

by heat and mass generation 

0 + Sgen = 


AS 


system 


Change 
in entropy 


^‘-*ice ^^"steam 
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AAj ce + AS melting + liq u id 7 lce 


me In 


T, 


melting 


r, 


mh; 


+ 


if 


T r 


+ 


1 ' solid siting 


me In 


h 

r, 


i j 


liquid 


373. 15 K 


= (0.034 kgj (2. 1 1 kJ/kg • K)ln 273 ' 15K + 333 ' 7kJ/k g . + (4. 18 kJ/kg . K )ln 
v 71 v ' 255.15 K 273.15 K v ’ 273.15 K 


Ace 

\ 


= 0.0907 kJ/K 


Then, 


S gm = A S steam + A5 ice = -0.0719 + 0.0907 = 0.0188 kJ/K 
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7-208 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill the bottle. The 
amount of heat transfer through the wall of the bottle when thermal and mechanical equilibrium is established and the 
amount of entropy generated are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas. 3 Kinetic 
and potential energies are negligible. 4 There are no work interactions involved. 5 The direction of heat transfer is to the air 
in the bottle (will be verified). 

Properties The gas constant of air is 0.287 kPa.m/kg.K (Table A-l). 

Analysis We take the bottle as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : m in - m oat = A m system -> m, , = m 2 (since m out = «? initial = 0) 


Energy balance : 


^in ^out 

V 

Net en erg y tmn s fer 
by heat, work, and mass 


A F 

^^system 

V 

Changein internal, kinetic, 
potential, etc. energies 


Gin + m , h i = ™2«2 ( since W = £ out = £ initial = ke = pe s 0) 


Combining the two balances : 
Gi,, =rtv 1 {u 2 -h i ) 


where 


mo = 


P 2 V 


(95 kPa)(o.050 m 


RT 2 (0.287 kPa • m 3 /kg • K (300 K) 


= 0.05517 kg 


T { =T 2 =300 K 


Table A-17 


h t = 300. 19 kJ/kg 
u 2 =214.07 kJ/kg 


95 kPa 



Substituting, 

Q m = (0.05517 kg)(2 14.07 - 300.19) kJ/kg = - 4.751 kJ -> Q out = 4.751 kj 

Note that the negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we reverse the 
direction. 


The entropy generated during this process is determined by applying the entropy balance on an extended system 
that includes the bottle and its immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. The entropy balance for it can be expressed as 


c _ c i c — as 1 

^in ^out ^gen .system 


Net entropy tnnsfer Entropy Change 
by heat and mass generation in entropy 


m i s i ~ 


Q 


out 


T 


+ S = AS 


gen 


tank 


= m 2 s 2 -m^s 


<^0 


Wl 


= m-,s 


2*2 


SUIT 


Therefore, the entropy generated during this process is 


s gen = ~ m , s i + m 2 S 2 + 


Gout ( . Gout Gout 

- — = m 2 {s 2 -s i ) +- — = - — = 

1 sum 1 sum 1 sum 


4.751 kJ 
300 K 


= 0.0158 kJ/K 
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7-209 Water is heated from 16°C to 43°C by an electric resistance heater placed in the water pipe as it flows through a 
showerhead steadily at a rate of 10 L/min. The electric power input to the heater and the rate of entropy generation are to be 
determined. The reduction in power input and entropy generation as a result of installing a 50% efficient regenerator are also 
to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time at any point within the system and thus 
A/r^y = 0 and AZs cv =0.2 Water is an incompressible substance with constant specific heats. 3 The kinetic and potential 
energy changes are negligible, A ke = Ape = 0.4 Heat losses from the pipe are negligible. 


Properties The density of water is given to be p = 1 kg/L. The specific heat of water at room temperature is c- 4. 18 
kJ/kg °C (Table A-3). 

Analysis (a) We take the pipe as the system. This is a control volume since mass crosses the system boundary during the 
process. We observe that there is only one inlet and one exit and thus m x = m 2 = m . Then the energy balance for this steady- 
flow system can be expressed in the rate form as 



Rate of net energy transfer 
by heat, work, and mass 


710 (steady) 


/ - iA ^system 

y j 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 


— 0 — > E: n — 


W Q in + } nh\ - mhi (since Ake = Ape = 0) 
w c , in = Mfa-hi ) = mc(T 2 — 7i) 

where 

m — pO — (l kg/L)(l0 L/min) = 10 kg/min 
Substituting, 

W ein = (10/60 kg/s)(4. 1 8 kJ/kg • °cX43 - \6fC = 18.8 kW 



The rate of entropy generation in the heating section during this process is determined by applying the entropy balance on 
the heating section. Noting that this is a steady-flow process and heat transfer from the heating section is negligible, 



Rate of net entropy tansfer 


by heat and mass 


+ 



Rate of entropy 
generation 



= 0 


Rate of change 
of entropy 


hmj - ms 2 + 5g en = 0 >5 gen = m(s 2 - .v, ) 

Noting that water is an incompressible substance and substituting, 

T 3 1 6 K 

S gea = me In— = (10/60 kg/sX4. 18 kJ/kg • K)ln = 0.0622kJ/K 

7] 289 K 

( b ) The energy recovered by the heat exchanger is 

Gsaved = - 7^ ) = 0. 5(l0/60 kg/sX4. 1 8 kJ/kg • °cX39 - I6fc = 8.0 kJ/s = 8.0 kW 

Therefore, 8.0 kW less energy is needed in this case, and the required electric power in this case reduces to 

WVnc* = W m , old - G saV ed = 18.8-8.0 = 10.8 kW 

Taking the cold water stream in the heat exchanger as our control volume (a steady-flow system), the temperature at which 
the cold water leaves the heat exchanger and enters the electric resistance heating section is determined from 

Q = mc(T cout -T c 

Substituting, 

8 kJ/s = (10/60 kg/s)(4. 18 kJ/kg-° C)(T c out - 16°C) 

It yields 

r c , out = 27.5°C = 300.5K 

The rate of entropy generation in the heating section in this case is determined similarly to be 

T 316 K 

,S’ gen = mcln — = (10/60 kg/sX4. 18 kJ/kg • K) In = 0.0350 kJ/K 

T x 300.5 K 

Thus the reduction in the rate of entropy generation within the heating section is 

deduction = 0.0622-0.0350 = 0.0272kW/K 
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7-210 Using EES (or other) software, the work input to a multistage compressor is to be determined for a given set of 

inlet and exit pressures for any number of stages. The pressure ratio across each stage is assumed to be identical and the 
compression process to be polytropic. The compressor work is to be tabulated and plotted against the number of stages for 
P\ = 100 kPa, T { = 25°C, P 2 = 1000 kPa, and n = 1.35 for air. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


GAS$ — 'Air' 

Nstage = 2 "number of stages of compression with intercooling, each having same pressure ratio." 
n=1.35 

MM=MOLARMASS(GAS$) 

R_u = 8.314 [kJ/kmol-K] 

R=R_u/MM 

k=1.4 

P1=100 [kPa] 

T1=25 [C] 

P2=1000 [kPa] 

R_p = (P2/P1) A (1/Nstage) 

W_dot_comp= Nstage*n*R*(T1+273)/(n-1)*((R_p) A ((n-1)/n) - 1) 


Nstage 

Wcomp 

[kJ/kgl 

i 

269.4 

2 

229.5 

3 

217.9 

4 

212.4 

5 

209.2 

6 

207.1 

7 

205.6 

8 

204.5 

9 

203.6 

10 

202.9 



Nstage 
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7-211 The inner and outer surfaces of a window glass are maintained at specified temperatures. The amount of heat transfer 
through the glass and the amount of entropy generation within the glass in 5 h are to be determined 

Assumptions 1 Steady operating conditions exist since the surface temperatures of the glass remain constant at the specified 
values. 2 Thermal properties of the glass are constant. 


Analysis The amount of heat transfer over a period of 5 h is 
Q = Q cond At = (3.2 kJ/s)(5 x 3600 s) = 57,600 kj 


We take the glass to be the system, which is a closed system. Under steady 
conditions, the rate form of the entropy balance for the glass simplifies to 



Rate of net entropy tnnsfer Rate of entropy 
by heat and mass generation 


AS. 




system 


= 0 


Rate of change 
of entropy 




Q 


out 


r, 


+ s 


gen glass 


b,out 


0 


3200 W 3200 W • 

283 K 276 K + gen ’ wa11 


0 -> V en «!ass= <>.287 W/K 


10°C 



Glass 


3°C 


7-212 The inner and outer glasses of a double pane window are at specified temperatures. The rates of entropy transfer 
through both sides of the window and the rate of entropy generation within the window are to be determined. 

Assumptions Steady operating conditions exist since the surface temperatures of the glass remain constant at the specified 
values. 

Analysis The entropy flows associated with heat transfer through the left and right glasses are 


^ left “ 


Q 


left 


r, 


left 


110 w 

291 K 


= 0.378 W/K 


^ right _ 


bright 110 w 


T 

1 right 


279 K 


= 0.394 W/K 


We take the double pane window as the system, which is a 
closed system. In steady operation, the rate form of the 
entropy balance for this system can be expressed as 


e _ c 

u in u out 


+ 


gen 


= AS„ 


<^o 


system 


= 0 


Rate of net entropy tnnsfer Rateof entropy Rateof change 
by heat and mass generation of entropy & 


Gin Q 


T, 


Tv 


out r. _ () 

u gen .system w 


b,in 1 b,out 

110W 110W 



6°C 


291 K 279 K 


+ S 


gen .system 


= 0 -> 5 


gen,system 


= 0.016 W/K 
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7-213 A hot water pipe at a specified temperature is losing heat to the surrounding air at a specified rate. The rate of entropy 
generation in the surrounding air due to this heat transfer are to be determined. 

Assumptions Steady operating conditions exist. 

Analysis We take the air in the vicinity of the pipe (excluding the pipe) as our system, which is a closed system.. The system 
extends from the outer surface of the pipe to a distance at which the temperature drops to the surroundings temperature. In 
steady operation, the rate form of the entropy balance for this system can be expressed as 



Rate o f n et en tro p y tnn sfer 
by heat and mass 



Rate of entropy 
generation 




T T 

1 b,in b,out 

2200 W _ 2200 W 
353 K 278 K 


+ 


+ 


S 


gen system 


s 


gen system 


AS 


<^o 


system 


= 0 


Rate of change 
of entropy 


0 



0 -> 


s 


gen system 


= 1.68 W/K 


Air, 5°C 


7-214 The turbocharger of an internal combustion engine consisting of a turbine driven by hot exhaust gases and a 
compressor driven by the turbine is considered. The air temperature at the compressor exit and the isentropic efficiency of 
the compressor are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential 
energy changes are negligible. 3 Exhaust gases have air properties and air 
is an ideal gas with constant specific heats. 

Properties The specific heat of exhaust gases at the average temperature of 
425°C is c p = 1.075 kJ/kg.K and properties of air at an anticipated average 
temperature of 100°C are c p = 1.011 kJ/kg.K and k =1.397 (Table A-2). 

Analysis (a) The turbine power output is determined from 

W T =™exh C p( T l ~ T 2 ) 

= (0.02 kg/s)(l. 075 kJ/kg.°C)(450-400)°C = 1.075 kW 
For a mechanical efficiency of 95% between the turbine and the compressor, 

W c =rj m W T =(0.95)(1.075 kW) = 1.021 kW 
Then, the air temperature at the compressor exit becomes 
Wc =m air c p (r 2 -T x ) 

1.021 kW = (0.018 kg/s)(1.01 1 kJ/kg.°C)(r 2 - 70)°C 
T 2 = 126. 1°C = 1 26°C 


Air, 70°C 



( b ) The air temperature at the compressor exit for the case of isentropic process is 


T 2s = 


C p ^ 
K P U 


(k-l)/k 


= (70 + 273 K) 


135 kPa 
95 kPa 


( 1 . 397 - 1 ) 71.397 


= 379K = 106°C 


The isentropic efficiency of the compressor is determined to be 

106-70 


*7c = 


t 2s - n 


T 2 -T x 126.1-70 


= 0.642 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



7-215 Air is allowed to enter an insulated piston-cylinder device until the volume of the air increases by 50%. The final 
temperature in the cylinder, the amount of mass that has entered, the work done, and the entropy generation are to be 
determined. 


7-175 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 
Air is an ideal gas with constant specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg.K and the 
specific heats of air at room temperature are c p = 1.005 kJ/kg.K, 
c v = 0.718 kJ/kg.K (Table A-2). 

Analysis The initial pressure in the cylinder is 


Pi = 


m x RT x (1.3 kg)(0.287 kPa • m 3 /kg • K)(30 + 273 K) 





= 282.6 kPa 


0.40 m 


ntn = 


P 2 V 2 (282.6kPa)(1.5x 0.40m 3 ) 590.8 


RT 2 (0.287 kPa • m 3 /kg • K)T 2 T 2 

A mass balance on the system gives the expression for the mass entering the cylinder 

590.8 


m i = m 2 — m { = 


77 


-1.3 


(c) Noting that the pressure remains constant, the boundary work is determined to be 
W bou t = ^(t / 2 — t / i) = (282.6kPa)(1.5x0.40-0.40)m 3 =56.52kJ 
(a) An energy balance on the system may be used to determine the final temperature 

m i h i ~ W bmt =m 2 u 2- m \ u \ 

m i c p T l - W hf}Ui =m 2 c v T 2 -m t c v l\ 


590.8 

V T 2 


-1.3 


(1.005X70 + 273) -56.52 = 


f 590.8 3 

V T 2 J 


(0.718)r 2 -(1.3X0.718X30 + 273) 


There is only one unknown, which is the final temperature. By a trial -error approach or using EES, we find 

T 2 = 315.3 K 

( b ) The final mass and the amount of mass that has entered are 
590.8 


= 


= 1.874 kg 


315.3 

m i =m 2 ~ m \ =1-874 — 1.3 = 0.5742kg 
(d) The rate of entropy generation is determined from 

iSgen =m 2 S 2 ~ m \ s \ ~ m i s i = m 2 S 2 ~ m \ s \ ~ ( m 2 ~ m \) s i ~ m 2^ S 2 ~ s i) ~ m \( s \ ~ s i ) 


= m 


r T 2 P 2 ^ 

c n In — - R In — 

T P 

v r i J 


- m 


f p p ^ 

c In — - — R\n — — 

T P 

v 1 1 r i J 


= (1.874 kg) 


(1.005 kJ/kg.K)ln 


315. 3K 


343 K 


- (0.287 kJ/kg.K)ln 


282.6 kPa 
500 kPa 


-(1.3 kg) 


(1.005 kJ/kg.K)ln 


303 K 
343 K 


- (0.287 kJ/kg.K)ln| 


282.6 kPa 
500 kPa 


= 0.0971 4kJ/K 


Air 

500 kPa 
70°C 
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7-216 A cryogenic turbine in a natural gas liquefaction plant produces 115 kW of power. The efficiency of the turbine is to 
be determined. 


Assumptions 1 The turbine operates steadily. 

Properties The density of natural gas is given to be 423.8 kg/m . 

Analysis The maximum possible power that can be obtained from this 
turbine for the given inlet and exit pressures can be determined from 

=-CPin - P out ) = (3000 - 300)kPa = 127.4 kW 
P 423.8 kg/m 3 

Given the actual power, the efficiency of this cryogenic turbine becomes 



115 kW 
127.4 kW 


= 0.903 = 90 . 3 % 



-160°C, 20 kg/s 


This efficiency is also known as hydraulic efficiency since the cryogenic turbine handles 
natural gas in liquid state as the hydraulic turbine handles liquid water. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



7-177 


7-217 Heat is transferred from a tank to a heat reservoir until the temperature of the tank is reduced to the temperature of 
reservoir. The expressions for entropy changes are to be obtained and plotted against initial temperature in the tank. 

Properties The constant-volume specific heat of air at 300 K is c v = 0.718 kJ/kg-K (Table A-2a) 

Analysis The entropy change of air in the tank is 


ASair = m 


T, (A 
c„ In — + /?ln — 


Z 




1 T 2 
= mc„ In — 

Z 


The entropy change of heat reservoir is 

ac _Q_mc v (T \-T 2 ) 

^Ahr t - T 

The total entropy change (i.e., entropy generation) is 

mc,XZ ~Tj) 

^gen = ^ total = ^air + ^HR = mc v T 

1 \ I L 

The heat transfer will continue until T 2 = T L . Now using m - 2 kg, c v = 0.718 kJ/kg-K and T L = 300 K, we plot entropy 
change terms against initial temperature as shown in the figure. 



Ti (K) 
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7-218 Two identical bodies at different temperatures are connected to each other through a heat engine. It is to be shown 
that the final common temperature of the two bodies will be Tj ■ = . Jt { T 2 when the work output of the heat engine is 

maximum. 

Analysis For maximum power production, the entropy generation must be zero. Taking the source, the sink, and the heat 
engine as our system, which is adiabatic, and noting that the entropy change for cyclic devices is zero, the entropy generation 
for this system can be expressed as 
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7-219 Heat is transferred from a tank to a heat engine which produces work. This work is stored in a work reservoir. The 
initial temperature of the air for maximum work and thermal efficiency, the total entropy change, work produced and thermal 
efficiency are to be determined for three initial temperatures. 

Properties The constant-volume specific heat of air at 300 K is c v = 0.718 kJ/kg-K (Table A-2a) 

Analysis (a) The entropy change of air in the tank is 


AA tank = m 


C v In 


r. 


T, 


tfln 


V 

t'l 


= me v In 


The heat transfer will continue until T 2 = T L . Thus, 


h 

T, 


AA tank =mc v In 


T 


L 




The entropy change of heat reservoir is 

Ql 


AS hr - 


T 


L 


The entropy change of heat engine is zero since the engine is reversible and produces maximum work. The work reservoir 
involves no entropy change. Then, the total entropy change (i.e., entropy generation) is 


^ gen — AS total “ ^tank + AS RR +AS HE +A S 

= AS Vdnk +AS HR +0 + 0 


which becomes 


Tj Qr 

S gen =mc v In -^ + ^ (1) 

1 \ 1 L 

The expression for the thermal efficiency is 
W 

7th - — (2) 

Uh 

or 7 * = 1 - 7 ^- (3) 

Heat transfer from the tank is expressed as 
Q h =mc v (T l -T l ) (4) 

In ideal operations, the entropy generation will be zero. Then using m = 2 kg, c v = 0.718 kJ/kg-K, T L = 300 K, Q L = 400 kJ 
and solving equations (1), (2), (3) and (4) simultaneously using an equation solver such as EES we obtain 

T x = 759. 2K 
rj th =0.3934 
W = 259.4 kJ 
Q h = 659.4 kJ 

(b) At the initial air temperature of 759.2 K, the entropy generation is zero and 

^ gen “ 0 

77 th =0.3934 
W = 259. 4kJ 

At the initial air temperature of 759.2-100 = 659.2 K, we obtain 
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S Ben = 0.2029kJ/K 

7th =0.2245 
W = 1 15.8kJ 

At the initial air temperature of 759. 2 + 100 = 859.2 K, we obtain 

S gen =-0.1777kJ/K 
7 th -0.5019 
W = 403. OkJ 

A negative value for entropy generation indicates that this process is not possible with the given values. 

(c) The thermal efficiency and the entropy generation as functions of the initial temperature of the air are plotted below: 
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7-221 An expression for the enthalpy change of an ideal gas during the isentropic process is to be obtained. 
Analysis The expression is obtained as follows: 


dh = Td$ {) + vdP = vdP 


Ah = 

vdP , where v- const P 11 k 

Ah = 

i pi-i/k 

const P~ [lk dP = const 

1-1/ife 


k 

2 k 

2 k 

Ah = - 

Pv 

= RT 

= R 

k-l 

j k-l 

, k-l 

Ah = C p (T 2 - 

r .) 



1 Ik rtl-l/k 


vP UK P 


1-1/ k 


1-222 An empty rigid vessel is filled with a fluid adiabatically and without any work. The entropy generation is to be 
expressed. 

Assumptions 1 The properties of the gas entering the vessel stay constant. 2 The fluid is an ideal gas with constant specific 
heats. 

Analysis The conservation of mass principle in this case is 
dm 


dt 


= m 


in 


When the combined first and second laws are reduced to the conditions of this system and the above result is substituted, 
rr C d(U - T 0 S) ^ ^ dm 

~\~ \h 1 qS )in 


O^gen 


dt 


dt 


The integration and rearrangement of this result gives 


m 

v — 

gen j , 


/ 


[ h i “«2 ~ T o( s i ~ ^2 )] 


0 


At the end of the process, the mass in the control volume is 


mo = 


PJL 

RTo 


According to the Gibbs equations, 


T P 

s i - s 2 = c p In — - R In — L 


To 


Po 


Using the specific heat models, 

^ ~u 2 = c p T i -c v T 2 

When these are substituted into the integrated combined first and second laws, the final result is 


S = W 

" it an 


gen rt 0 t 2 


c p Ti -c v T 2 -T 0 


r T P ' 

c In — - — P In — - 

v P T 2 P 2J 


where the subscript i and 2 stand for inlet and final states of the gas. 
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7-223 The temperature of an ideal gas is given as functions of entropy and specific volume. The expression for heat transfer 
is to be determined and compared to the result by a first law analysis. 

Analysis The heat transfer may be expressed as 

T(s, v) = Av x ~ k exp (s/c v ) 

s 2 s 2 

q = — = f Tds = f Ai/ l ~ k exp(s / c v )ds 

m J J 

s i s \ 

For v = constant, the integral becomes 

•*2 

q = Av x ~ k exp (s! c v )ds = Av x ~ k c w expO/c^) 

J Si 

s \ 

= Av l ~ k c„[exp(s 2 Ic {/ )-exp(s l /c v )] 

Noting that 

T x = Av l ~ k expOj / c v ) 

T 2 = Av l ~ k exp(^ 2 / c v ) 

We obtain 

q = Cv(T 2 ~T X ) 

This result is the same as that given by applying the first law to a closed system undergoing a constant volume process. 
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7-224 An ideal gas undergoes a reversible, steady-flow process in a polytropic manner. An expression for heat transfer is to 
be obtained and evaluated when poly tropic constant is equal to specific heat ratio. 

Analysis (a) The conservation of mass and energy for the steady-flow process are 

X ; "' = ZA 

inlets exits 


f V 2 ) • v f V 2 

Q net + 2 , m ' h + ^ + SZ = w net + 2 m e ; h + — + gz 
inlets V J i exits V “ 


where the sign of heat transfer is to the system and work is from the system. For one entrance, one exit, neglecting kinetic 
and potential energies, and unit mass flow, the conservation of mass and energy reduces to 

<7net =^net + ( h e ~ h i) 

The steady-flow, reversible work is defined as 


net,sf,rev 


= -J vdP = -J C lln P Un dP = -C Un J 


nl-l/n e D l-l/n e 

=-p 17 'V^ 


-II n 


1-1 In 


n d e 

Pv . 

n — 1 1 


Then 


JL-(p eVe -p. v .) = -JL-R(X e -T t ) 
n — 1 n — 1 


4net = w net+(^ ~ h d 


n — 1 


P(T e - 7j ) + c „ (T e - ) 


= c p ~R (T e ~ T, ) 

n- 1 


(b) When n = k = cjc v . the heat transfer per unit mass flow becomes 


n — 1 


4net = c p -R \(T e -T t ) = (c -c p )(T e -T i ) = 0 


When n = k- cjc v . the heat transfer per unit mass is zero. For n = k this reversible process is adiabatic and therefore 
isentropic. 
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7-225 The polytropic efficiency of a compressor is defined. A relation regarding this compressor operation is to be obtained. 
Analysis The efficiency is defined as 
dh s 

7o°,c — j, 
ah 

For an ideal gas, 

dh-c p dT 

Form Gibbs second equation, 
dh = Tds + udP 
For the isentropic case, 
dh s = udP 


Substituting, we obtain 
vdP 


7oo ,c = 


c p dT 


Then, 


7 Jao,c c P dT = wlP 


7oo ,c c P dT = 


RT 

P 


Integrating between inlet (1) and exit (2) states, 


2 2 

1 R dP 


i 


; 7oo ,c c P p 

1 R , P 




l 


dT 

T 


In — = In 




7oo ,C 

c p 

Pi r, 


This becomes 






(p \ 

1 R 

f p \ 

r 2 

1 k- 1 

T 2 _ 

>7oo,c c p 

k 

T\ 

UJ 


l p i ) 



which is the desired expression. 
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Fundamentals of Engineering (FE) Exam Problems 


7-186 


7-226 Steam is compressed from 6 MPa and 300°C to 10 MPa isentropically. The final temperature of the steam is 
(a) 290°C (b) 300°C (c)311°C (d) 371°C (e)422°C 


Answer (d) 37 PC 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =6000 "kPa" 

T1=300 "C" 

P2=10000 "kPa" 
s2=s1 

si =ENTROPY(Steam_IAPWS,T=T1 ,P=P1 ) 

T2=TEMPERATURE(Steam_IAPWS,s=s2,P=P2) 

"Some Wrong Solutions with Common Mistakes:" 

W1_T2=T1 "Assuming temperature remains constant" 

W2_T2=TEMPERATURE(Steam_IAPWS,x=0,P=P2) "Saturation temperature at P2" 
W3_T2=TEMPERATURE(Steam_IAPWS,x=0,P=P2) "Saturation temperature at PI" 


7-227 An apple with an average mass of 0.12 kg and average specific heat of 3.65 kJ/kg.°C is cooled from 25°C to 5°C. The 
entropy change of the apple is 

(a) -0.705 kJ/K (b) -0.254 kJ/K (c) -0.0304 kJ/K (d)0kJ/K (e) 0.348 kJ/K 


Answer (c) -0.0304 kJ/K 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

c=3.65 "kJ/kg.K" 
m=0.12 "kg" 

T1=25 "C" 

T2=5 "C" 

S_change=m*C*ln((T2+273)/(T 1 +273)) 

"Some Wrong Solutions with Common Mistakes:" 

W1_S_change=C*ln((T2+273)/(T1+273)) "Not using mass" 

W2_S_change=m*C*ln(T2/T 1 ) "Using C" 

W3_S_change=m*C*(T2-T 1 ) "Using Wrong relation" 
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7-228 A piston-cylinder device contains 5 kg of saturated water vapor at 3 MPa. Now heat is rejected from the cylinder at 
constant pressure until the water vapor completely condenses so that the cylinder contains saturated liquid at 3 MPa at the 
end of the process. The entropy change of the system during this process is 

(a) 0 kJ/K (b) -3.5 kJ/K (c) -12.5 kJ/K (d) -17.7 kJ/K (e) -19.5 kJ/K 


Answer (d) -17.7 kJ/K 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =3000 "kPa" 
m=5 "kg" 

s_fg=(ENTROPY(Steam_IAPWS,P=P1 ,x=1 )-ENTROPY(Steam_IAPWS,P=P1 ,x=0)) 

S_change=-m*s_fg "kJ/K" 


7-229 Steam expands in an adiabatic turbine from 4 MPa and 5 00 °C to 0. 1 MPa at a rate of 2 kg/s. If steam leaves the 
turbine as saturated vapor, the power output of the turbine is 

(a) 2058 kW (b)1910kW (c) 1780 kW (d) 1674kW (e) 1542 kW 


Answer (e) 1542 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =4000 "kPa" 

T1=500 "C" 

P2=100 "kPa" 
x2=1 

m=2 "kg/s" 

hi =ENTHALPY(Steam_l APWS,T =T 1 ,P=P1 ) 
h2=ENTHALPY(Steam_IAPWS,x=x2,P=P2) 

W_out=m*(h1-h2) 

"Some Wrong Solutions with Common Mistakes:" 
si =ENTROPY(Steam_IAPWS,T=T1 ,P=P1 ) 
h2s=ENTHALPY(Steam_IAPWS, s=s1 ,P=P2) 

W1_Wout=m*(h1-h2s) "Assuming isentropic expansion" 
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7-230 Argon gas expands in an adiabatic turbine from 3 MPa and 750°C to 0.2 MPa at a rate of 5 kg/s. The maximum power 
output of the turbine is 

(a) 1 .06 MW (b) 1 .29 MW (c) 1 .43 MW (d) 1 .76 MW (e) 2.08 MW 


Answer (d) 1.76 MW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Cp=0.5203 
k=1 .667 
PI =3000 "kPa" 

T1 =750+273 "K" 
m=5 "kg/s" 

P2=200 "kPa" 

"s2=s1" 

T2=T 1 *(P2/P1 ) A ((k-1 )/k) 

W_max=m*Cp*(T 1 -T2) 

"Some Wrong Solutions with Common Mistakes:" 

Cv=0.2081"kJ/kg.K" 

W1_Wmax=m*Cv*(T1 -T2) "Using Cv" 

T22=T 1 *(P2/P1 ) A ((k-1 )/k) "Using C instead of K" 

W2_Wmax=m*Cp*(T 1 -T22) 

W3_Wmax=Cp*(T 1 -T2) "Not using mass flow rate" 

T24=T1*(P2/P1 ) "Assuming T is proportional to P, using C" 

W4_Wmax=m*Cp*(T 1 -T24) 


7-231 A unit mass of a substance undergoes an irreversible process from state 1 to state 2 while gaining heat from the 
surroundings at temperature T in the amount of q. If the entropy of the substance is s { at state 1, and s 2 at state 2, the entropy 
change of the substance As during this process is 

(a) As < s 2 - S] (b) As > s 2 - s x (c) As = s 2 - s x (d) As = s 2 - S\ + q/T (e) As > s 2 - s x + q/T 
Answer (c) As = s 2 - S\ 


1-232 A unit mass of an ideal gas at temperature T undergoes a reversible isothermal process from pressure P x to pressure P 2 
while loosing heat to the surroundings at temperature T in the amount of q. If the gas constant of the gas is R , the entropy 
change of the gas As during this process is 

(a) As =R \n(P 2 /P { ) (b) As = R \n(P 2 IP{)- q/T (c) As =R In (P,/P 2 ) (d) As =R ln(/yP 2 )-q/T (e) As= 0 


Answer (c) As =R ln(P\/P 2 ) 
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• • 3 3 . 

7-233 Helium gas is compressed from 27°C and 3.5 nr/kg to 0.775 m 7kg in a reversible adiabatic manner. The temperature 
of helium after compression is 

(a) 74°C (b) 122°C (c) 547°C (d) 709°C (e) 1082°C 


Answer (c) 547°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

k=1 .667 

vl =3.5 "m A 3/kg" 

T 1 =27 "C" 
v2=0.775 "m A 3/kg" 

"s2=s1" 

"The exit temperature is determined from isentropic compression relation," 

T2=(T 1 +273)*(v1 /v2) A (k-1 ) "K" 

T2_C= T2-273 "C" 

"Some Wrong Solutions with Common Mistakes:" 

W1_T2=T1 "Assuming temperature remains constant" 

W2_T2=T1*(v1/v2) A (k-1) "Using C instead of K" 

W3_T2=(T 1 +273)*(v1/v2)-273 "Assuming T is proportional to v" 

W4_T2=T1*(v1/v2) "Assuming T is proportional to v, using C" 


7-234 Heat is lost through a plane wall steadily at a rate of 600 W. If the inner and outer surface temperatures of the wall are 
20°C and 5°C, respectively, the rate of entropy generation within the wall is 

(a) 0.1 1 W/K (b) 4.21 W/K (c) 2.10 W/K (d) 42.1 W/K (e) 90.0 W/K 


Answer (a) 0.11 W/K 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Q=600 "W" 

T1 =20+273 "K" 

T2=5+273 "K" 

"Entropy balance SJn - S_out + S_gen= DS_system for the wall for steady operation gives" 

Q/T 1 -Q/T2+S_gen=0 "W/K" 

"Some Wrong Solutions with Common Mistakes:" 

Q/(T 1 +273)-Q/(T2+273)+W 1 _Sgen=0 "Using C instead of K" 

W2_Sgen=Q/((T 1 +T2)/2) "Using avegage temperature in K" 

W3_Sgen=Q/((T 1 +T2)/2-273) "Using avegage temperature in C" 

W4_Sgen=Q/(T1-T2+273) "Using temperature difference in K" 
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7-235 Air is compressed steadily and adiabatically from 17°C and 90 kPa to 200°C and 400 kPa. Assuming constant specific 
heats for air at room temperature, the isentropic efficiency of the compressor is 

(a) 0.76 (b) 0.94 (c) 0.86 (d) 0.84 (e) 1.00 


Answer (d) 0.84 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Cp=1 .005 "kJ/kg.K" 
k=1.4 

PI =90 "kPa" 

T1=17 "C" 

P2=400 "kPa" 

T2=200 "C" 

T2s=(T1 +273)*(P2/P1 ) A ((k-1 )/k)-273 
Eta_comp=(Cp*(T2s-T 1 ))/(Cp*(T2-T1 )) 

"Some Wrong Solutions with Common Mistakes:" 

T2sW1 =T 1 *(P2/P1 ) A ((k-1 )/k) "Using C instead of K in finding T2s" 

W 1 _Eta_comp=(Cp*(T 2sW 1 -T1 ))/(Cp*(T2-T1 )) 

W2_Eta_comp=T2s/T2 "Using wrong definition for isentropic efficiency, and using C" 
W3_Eta_comp=(T2s+273)/(T2+273) "Using wrong definition for isentropic efficiency, with K" 


7-236 Argon gas expands in an adiabatic turbine steadily from 600°C and 800 kPa to 80 kPa at a rate of 2.5 kg/s. For an 
isentropic efficiency of 88%, the power produced by the turbine is 

(a) 240 kW (b) 361 kW (c)414kW (d) 602 kW (e) 777 kW 


Answer (d) 602 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Cp=0.5203 "kJ/kg-K" 
k=1 .667 
m=2.5 "kg/s" 

T1=600 "C" 

PI =800 "kPa" 

P2=80 "kPa" 

T2s=(T1 +273)*(P2/P1 ) A ((k-1 )/k)-273 
Eta_turb=0.88 

Eta_turb=(Cp*(T2-T 1 ))/(Cp*(T2s-T1 )) 

W_out=m*Cp*(T 1 -T2) 

"Some Wrong Solutions with Common Mistakes:" 

T2sW1 =T1 *(P2/P1 ) A ((k-1 )/k) "Using C instead of K to find T2s" 

Eta_turb=(Cp*(T2W1 -T 1 ))/(Cp*(T2sW1 -T1 )) 

W 1 _Wout=m*Cp*(T 1 -T2W 1 ) 

Eta_turb=(Cp*(T2s-T1))/(Cp*(T2W2-T1)) "Using wrong definition for isentropic efficiency, and using C" 
W2_Wout=m*Cp*(T 1 -T2W2) 

W3_Wout=Cp*(T 1 -T2) "Not using mass flow rate" 

Cv=0.31 22 "kJ/kg.K" 

W4_Wout=m*Cv*(T 1 -T2) "Using Cv instead of Cp" 
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7-237 Water enters a pump steadily at 100 kPa at a rate of 35 L/s and leaves at 800 kPa. The flow velocities at the inlet and 
the exit are the same, but the pump exit where the discharge pressure is measured is 6.1 m above the inlet section. The 
minimum power input to the pump is 

(a) 34 kW (b) 22 kW (c) 27 kW (d) 52 kW (e) 44 kW 


Answer (c) 27 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

V=0.035 "m A 3/s" 
g=9.81 M m/s A 2 M 
h=6.1 "m" 

PI =100 "kPa" 

T1=20 "C" 

P2=800 "kPa" 

"Pump power input is minimum when compression is reversible and thus w=v(P2-P1)+Dpe" 

vl =VOLUME(Steam_IAPWS,T=T1 ,P=P1 ) 

m=V/v1 

W_min=m*v1 *(P2-P1 )+m*g*h/1 000 "kPa.m A 3/s=kW" 

"(The effect of 6.1 m elevation difference turns out to be small)" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Win=m*v1*(P2-P1) "Disregarding potential energy" 

W2_Win=m*v1 *(P2-P1 )-m*g*h/1 000 "Subtracting potential energy instead of adding" 
W3_Win=m*v1*(P2-P1)+m*g*h "Not using the conversion factor 1000 in PE term" 
W4_Win=m*v1*(P2+P1)+m*g*h/1000 "Adding pressures instead of subtracting" 


7-238 Air is to be compressed steadily and isentropically from 1 atm to 16 atm by a two-stage compressor. To minimize the 
total compression work, the intermediate pressure between the two stages must be 

(a) 3 atm (b) 4 atm (c) 8.5 atm (d) 9 atm (e) 12 atm 


Answer (b) 4 atm 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =1 "atm" 

P2=16 "atm" 

P_mid=SQRT (PI *P2) 

"Some Wrong Solutions with Common Mistakes:" 

W1_P=(P1 +P2)/2 "Using average pressure" 

W2_P=P1 *P2/2 "Half of product" 
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7-239 Helium gas enters an adiabatic nozzle steadily at 500°C and 600 kPa with a low velocity, and exits at a pressure of 90 
kPa. The highest possible velocity of helium gas at the nozzle exit is 

(a) 1475 m/s (b) 1662 m/s (c) 1839 m/s (d) 2066 m/s (e) 3040 m/s 


Answer (d) 2066 m/s 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

k=1 .667 

Cp=5.1 926 "kJ/kg.K" 

Cv=3.1 156 "kJ/kg.K" 

T 1 =500 "C" 

PI =600 "kPa" 

Vel1=0 
P2=90 "kPa" 

"s2=s1 for maximum exit velocity" 

"The exit velocity will be highest for isentropic expansion," 

T2=(T1 +273)*(P2/P1 ) A ((k-1 )/k)-273 "C" 

"Energy balance for this case is h+ke=constant for the fluid stream (Q=W=pe=0)" 

(0.5*Vel1 A 2)/1 000+Cp*T1 =(0.5*Vel2 A 2)/1 000+Cp*T2 

"Some Wrong Solutions with Common Mistakes:" 

T2a=T 1 *(P2/P1 ) A ((k-1 )/k) "Using C for temperature" 

(0.5*Vel1 A 2)/1 000+Cp*T 1 =(0.5*W1_Vel2 A 2)/1 000+Cp*T2a 
T2b=T 1 *(P2/P1 ) A ((k-1 )/k) "Using Cv" 

(0.5*Vel1 A 2)/1 000+Cv*T1 =(0.5*W2_Vel2 A 2)/1 000+Cv*T2b 
T2c=T1*(P2/P1) A k "Using wrong relation" 

(0.5*Vel1 A 2)/1 000+Cp*T1 =(0.5*W3_Vel2 A 2)/1 000+Cp*T2c 


7-240 Combustion gases with a specific heat ratio of 1.3 enter an adiabatic nozzle steadily at 800°C and 800 kPa with a low 
velocity, and exit at a pressure of 85 kPa. The lowest possible temperature of combustion gases at the nozzle exit is 

(a) 43°C (b) 237°C (c) 367°C (d) 477°C (e) 640°C 


Answer (c) 367°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

k=1 .3 

T1=800 "C" 

PI =800 "kPa" 

P2=85 "kPa" 

"Nozzle exit temperature will be lowest for isentropic operation" 

T2=(T1 +273)*(P2/P1 ) A ((k-1 )/k)-273 

"Some Wrong Solutions with Common Mistakes:" 

W 1 _T2=T 1 *(P2/P1 ) A ((k-1 )/k) "Using C for temperature" 

W2_T2=(T1 +273)*(P2/P1 ) A ((k-1 )/k) "Not converting the answer to C" 

W3_T2=T 1 *(P2/P1 ) A k "Using wrong relation" 
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7-241 Steam enters an adiabatic turbine steadily at 400°C and 5 MPa, and leaves at 20 kPa. The highest possible percentage 
of mass of steam that condenses at the turbine exit and leaves the turbine as a liquid is 

(a) 4% (b) 8% (c) 12% (d) 18% (e) 0% 


Answer (d) 18% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =5000 "kPa" 

T 1 =400 "C" 

P2=20 "kPa" 
s2=s1 

si =ENTROPY(Steam_IAPWS,T=T1 ,P=P1 ) 

x2=QUALITY(Steam_IAPWS,s=s2,P=P2) 

moisture=1-x2 


7-242 Liquid water enters an adiabatic piping system at 15 °C at a rate of 8 kg/s. If the water temperature rises by 0.2°C 
during flow due to friction, the rate of entropy generation in the pipe is 

(a) 23 W/K (b) 55 W/K (c) 68 W/K (d) 220 W/K (e) 443 W/K 


Answer (a) 23 W/K 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Cp=4180 "J/kg.K" 
m=8 "kg/s" 

T 1 =1 5 "C" 

T2=15.2 "C" 

S_gen=m*Cp*ln((T2+273)/(T 1 +273)) "W/K" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Sgen=m*Cp*ln(T2/T1) "Using deg. C" 

W2_Sgen=Cp*ln(T2/T1) "Not using mass flow rate with deg. C" 

W3_Sgen=Cp*ln((T2+273)/(T 1 +273)) "Not using mass flow rate with deg. C" 
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7-243 Liquid water is to be compressed by a pump whose isentropic efficiency is 75 percent from 0.2 MPa to 5 MPa at a 
rate of 0.15 m /min. The required power input to this pump is 

(a) 4.8 kW (b) 6.4 kW (c) 9.0 kW (d) 16.0 kW (e) 12.0 kW 


Answer ( d) 16.0 kW 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

V=0. 15/60 "m A 3/s" 
rho=1000 "kg/m A 3" 
v1=1/rho 
m=rho*V "kg/s" 

PI =200 "kPa" 

Eta_pump=0.75 
P2=5000 "kPa" 

"Reversible pump power input is w =mv(P2-P1) = V(P2-P1)" 

W_rev=m*v1 *(P2-P1 ) "kPa.m A 3/s=kW" 

W_p u m p= W_re v/Eta_p u m p 

"Some Wrong Solutions with Common Mistakes:" 

W1_Wpump=W_rev*Eta_pump "Multiplying by efficiency" 

W2_Wpump=W_rev "Disregarding efficiency" 

W3_Wpump=m*v1*(P2+P1)/Eta_pump "Adding pressures instead of subtracting" 


7-244 Steam enters an adiabatic turbine at 8 MPa and 500°C at a rate of 18 kg/s, and exits at 0.2 MPa and 300°C. The rate 
of entropy generation in the turbine is 

(a) 0 kW/K (b) 7.2 kW/K (c) 21 kW/K (d) 15 kW/K (e) 17 kW/K 


Answer (c) 21 kW/K 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =8000 "kPa" 

T 1 =500 "C" 
m=18 "kg/s" 

P2=200 "kPa" 

T2=300 "C" 

si =ENTROPY(Steam_IAPWS,T=T1 ,P=P1 ) 
s2=ENTROPY(Steam_IAPWS,T=T2,P=P2) 

S_gen=m*(s2-s1) "kW/K" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Sgen=0 "Assuming isentropic expansion" 
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7-245 Helium gas is compressed steadily from 90 kPa and 25 °C to 800 kPa at a rate of 2 kg/min by an adiabatic compressor. 
If the compressor consumes 80 kW of power while operating, the isentropic efficiency of this compressor is 

(a) 54.0% (b) 80.5% (c) 75.8% (d) 90.1% (e) 100% 


Answer (d) 90.1% 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Cp=5.1 926 "kJ/kg-K" 

Cv=3.1 156 "kJ/kg.K" 
k=1 .667 
m=2/60 "kg/s" 

T1=25 "C" 

PI =90 "kPa" 

P2=800 "kPa" 

W_comp=80 "kW" 

T2s=(T1 +273)*(P2/P1 ) A ((k-1 )/k)-273 
W_s=m*Cp*(T2s-T 1 ) 

Eta_comp=W_s/W_comp 

"Some Wrong Solutions with Common Mistakes:" 

T2sA=T 1 *(P2/P1 ) A ((k-1 )/k) "Using C instead of K" 

W1_Eta_comp=m*Cp*(T2sA-T 1 )/W_comp 
W2_Eta_comp=m*Cv*(T2s-T1)/W_comp "Using Cv instead of Cp" 


7-246 ... 7-250 Design and Essay Problems 
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8-2 

Exergy, Irreversibility, Reversible Work, and Second-Law Efficiency 

8- 1C The dead state. 

8-2C Yes; exergy is a function of the state of the surroundings as well as the state of the system. 

8-3C Useful work differs from the actual work by the surroundings work. They are identical for systems that involve no 
surroundings work such as steady-flow systems. 


8-4C Yes. 


8-5C No, not necessarily. The well with the higher temperature will have a higher exergy. 


8-6C The system that is at the temperature of the surroundings has zero exergy. But the system that is at a lower 
temperature than the surroundings has some exergy since we can run a heat engine between these two temperature levels. 


8-7C The second-law efficiency is a measure of the performance of a device relative to its performance under reversible 
conditions. It differs from the first law efficiency in that it is not a conversion efficiency. 


8-8C No. The power plant that has a lower thermal efficiency may have a higher second-law efficiency. 


8-9C No. The refrigerator that has a lower COP may have a higher second -law efficiency. 


8- IOC A processes with W rev = 0 is reversible if it involves no actual useful work. Otherwise it is irreversible. 


8-11C Yes. 
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8-3 


8-12 Windmills are to be installed at a location with steady winds to generate power. The minimum number of windmills 
that need to be installed is to be determined. 


Assumptions Air is at standard conditions of 1 atm and 25 °C 
Properties The gas constant of air is 0.287 kPa.m /kg.K (Table A-l). 

Analysis The exergy or work potential of the blowing air is the kinetic energy it possesses, 


Exergy = ke = 



(6 m/s) 2 
2 


' lkJ/kg N 
vlOOOm 2 /s 2 y 


0.0180 kJ/kg 


At standard atmospheric conditions (25 °C, 101 kPa), the density and 
the mass flow rate of air are 


P 

RT 


lOlkPa 

(0.287 kPa • m 3 / kg • K)(298 K) 


= 1.18m 3 


/kg 


and 



m = pAV x = p — — — V x = (1.18kg/m 3 )(;r/4)(40m) 2 (6m/s) = 8904 kg/s 

Thus, 

Available Power = mke = (8904 kg/s)(0.0180 kJ/kg) = 160.3kW 
The minimum number of windmills that needs to be installed is 


N = 


^total 

w 


1500 kW 
160.3 kW 


= 9.4 = 10 windmills 
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8-13E Saturated steam is generated in a boiler by transferring heat from the combustion gases. The wasted work potential 
associated with this heat transfer process is to be determined. Also, the effect of increasing the temperature of combustion 
gases on the irreversibility is to be discussed. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis The properties of water at the inlet and outlet of the boiler and at the dead state are (Tables A-4E through A-6E) 

P x =200psia | h x =h f = 355.46 Btu/lbm 
jtj =0 (sat. liq.) J s x = s f = 0.54379 Btu/lbm- R 

P 2 = 200 psia )h 2 = h g = 1 198.8 Btu/lbm 
x 2 =1 (sat. vap.) J s 2 =s g = 1.5460 Btu/lbm- R 

T 0 = 80°F 1 h 0 =h f@ 80 o F = 48.07 Btu/lbm 

P 0 = 14.7 psiaj s 0 = s f@ 80 o F = 0.09328 Btu/lbm- R 

The heat transfer during the process is 

q. n =h 1 -\ =1198.8' -355.46 = 843.3 Btu/lbm 

The entropy generation associated with this process is 
Sgen = + As R = (®2 “ ®l) “ 

I R 

= (1 .5460 - 0.54379)Btu/lbm- R - 843 - 3Btu/lbm 

(500 + 460)R 

= 0. 12377 Btu/lbm- R 

The wasted work potential (exergy destruction is) 

Aiest = Vgen = (80 + 460 R)(0. 12377 Btu/lbm- R) = 66.8Btu/lbm 

The work potential (exergy) of the steam stream is 

A y / w= h 2~ h l- T o( S 2-Sl) 

= (1198.8- 355.46)Btu/lbm- (540 R)(l .5460 - 0.54379)Btu/lbm- R 
= 302.1 Btu/lbm 

Increasing the temperature of combustion gases does not effect the work potential of steam stream since it is determined by 
the states at which water enters and leaves the boiler. 

Discussion This problem may also be solved as follows: 

Exergy transfer by heat transfer: 

T 3 ( 5403 

1 — =(843.3) 1 =368.9 Btu/lbm 

T r J { 960 J 

Exergy increase of steam: 

A y/ w = 302. 1 Btu/lbm 

The net exergy destruction: 

x dest = *heat ~^¥ w = 368.9-302.1 = 66.8Btu/lbm 
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8-5 


8-14 Water is to be pumped to a high elevation lake at times of low electric demand for use in a hydroelectric turbine at 
times of high demand. For a specified energy storage capacity, the minimum amount of water that needs to be stored in the 
lake is to be determined. 


Assumptions The evaporation of water from the lake is negligible. 

Analysis The exergy or work potential of the water is the potential energy it possesses, 
Exergy = PE = mgh 


Thus, 


PE 

m = 

gh 


5xl0 6 kWh 

f 3600 s 'j 

' 1000 m 2 /s 2 ^ 

(9.8 m/s 2 )(75 m) 

l lh J 

lkW-s/kg y 


2.45xlO in kg 



8-15 A body contains a specified amount of thermal energy at a specified temperature. The amount that can be converted to 
work is to be determined. 


Analysis The amount of heat that can be converted to work is simply 
the amount that a reversible heat engine can convert to work, 

t T 0 298 K AC . 1C 
>7th, re v = 1 = 1 = 0-5415 




max ,o ut 


C^okT) 


T h 650 K 

(HE/- 

— ^rev,out — 7 7th,rev^in 


- (0.5415)(100 kJ) 

C298 K 

= 54.2 kj 



8-16 The thermal efficiency of a heat engine operating between specified temperature limits is given. The second-law 
efficiency of a engine is to be determined. 


Analysis The thermal efficiency of a reversible heat engine operating 
between the same temperature reservoirs is 


Thus, 


7 7th, 


rev 


= 1 


R 

T H 


293 K 

1 200 + 273 K 


0.801 



*7 th,rev 


0.40 

0.801 


49.9% 
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8-6 


8-17 A heat reservoir at a specified temperature can supply heat at a specified rate. The exergy of this heat supplied is to be 
determined. 


Analysis The exergy of the supplied heat, in the rate form, is the amount 
of power that would be produced by a reversible heat engine, 


7th .max 7th, 


rev 


= 1 


Tr 


T 


= 1 


H 


298 K 
1500 K 


= 0.8013 


Exergy Wmax.out ^rev.out 7th .rev Sin 

= (0.8013)(150,000/ 3600 kJ/s) 

= 33.4kW 


CTsooiT) 



8-18 



A heat engine receives heat from a source at a specified temperature at a specified rate, and 


heat to a sink. For a given power output, the reversible power, the rate of irreversibility, and the 2 
determined. 


nd 


law 


rejects the waste 
efficiency are to be 


Analysis (a) The reversible power is the power produced by a reversible heat engine operating between the specified 
temperature limits, 


7th .max “7th, rev “I 


T 


L 


T 


= 1 - 


H 


320 K 
1100K 


= 0.7091 


W rev ,out = 77th, rev Gin = (0.7091)(400 kJ/s) = 283.6kW 


(b) The irreversibility rate is the difference between the reversible 
power and the actual power output: 

/ = W my out - W uout = 283.6 - 120 = 163.6 kW 


(c) The second law efficiency is determined from its definition, 


7h 


W, 


Ll.OUt 


w. 


rev .out 


120 kW 
283.6 kW 


= 0.423 


42.3% 
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8-7 


8-19 



Problem 8-18 is reconsidered. The effect of reducing the temperature at which the waste heat is rejected on the 


reversible power, the rate of irreversibility, and the second law efficiency is to be studied and the results are to be plotted. 
Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

T_H= 1 1 00 [K] 

Q_dot_H= 400 [kJ/s] 

{T_L=320 [K]} 

W_dot_out = 1 20 [kW] 

T_Lsurr =25 [C] 

"The reversible work is the maximum work done by the Carnot Engine between T_H and T_L:" 

Eta_Carnot=1 - T_L/T_H 

W_dot_rev=Q_dot_H*Eta_Carnot 

"The irreversibility is given as:" 

l_dot = W_dot_rev-W_dot_out 

"The thermal efficiency is, in percent:" 

Eta_th = Eta_Carnot*Convert(, %) 

"The second law efficiency is, in percent:" 

Eta_ll = W_dot_out/W_dot_rev*Convert(, %) 


Tl [K] 

W rev [kJ/s] 

1 [kJ/s] 

Hu [%] 

500 

218.2 

98.18 

55 

477.6 

226.3 

106.3 

53.02 

455.1 

234.5 

114.5 

51.17 

432.7 

242.7 

122.7 

49.45 

410.2 

250.8 

130.8 

47.84 

387.8 

259 

139 

46.33 

365.3 

267.2 

147.2 

44.92 

342.9 

275.3 

155.3 

43.59 

320.4 

283.5 

163.5 

42.33 

298 

291.6 

171.6 

41.15 
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Till [%] I [kj/s] 


8-8 



T L [K] 



t l [K] 
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8-9 


8-20E The thermal efficiency and the second-law efficiency of a heat engine are given. The source temperature is to be 
determined. 


Analysis From the definition of the second law efficiency, 

*7th 


77n = 


77th, 


rev 


-> 7 th, rev = — = ^ = °' 50 
Tj n 0.50 


Thus, 


77 th, rev ^ 


T 


L 


T 


*T H =T L 7(1 - 77 th rev ) = (5 10 R)/0.50 = 1020 R 


H 



8-21 A house is maintained at a specified temperature by electric resistance heaters. The reversible work for this heating 
process and irreversibility are to be determined. 

Analysis We consider a reversible heat pump operation as the reversible counterpart of the irreversible process of heating 
the house by resistance heaters. Instead of using electricity input for resistance heaters, it is used to power a reversible heat 
pump. The reversible work is the minimum work required to accomplish this process, and the irreversibility is the difference 
between the reversible work and the actual electrical work consumed. The actual power input is 


w in =Qout = Q H =50,000kJ/h = 13.89 kW 

The COP of a reversible heat pump operating between the 
specified temperature limits is 


Thus, 


and 

I=W u , n -W revin =13.89-0.978 = 12.91 kW 


COP 


1 


1 


HP, rev 


1 ~T l /T h 1-277.15/298.15 


= 14.20 


W, 


Q h 13.89 kW 


rev - m COP HPrev 14.20 


= 0.978kW 
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8-22E A freezer is maintained at a specified temperature by removing heat from it at a specified rate. The power 
consumption of the freezer is given. The reversible power, irreversibility, and the second -law efficiency are to be 
determined. 


8-10 


Analysis (a) The reversible work is the minimum work required to accomplish this task, which is the work that a reversible 
refrigerator operating between the specified temperature limits would consume, 


COP 


R,rev 




_ g 

535/480-1 


W, 


Q 


L 


75 Btu/min 


f 


rev, in 


COPi 


R,rev 


8.73 


lhp 


42.41 Btu/min 


= 0.20hp 


J 


(b) The irreversibility is the difference between the reversible work and the 
actual electrical work consumed, 

I = W uin — W re v, in = 0.70-0.20 = 0.50hp 

(c) The second law efficiency is determined from its definition, 


C 175 0 f2 ) 

i L 

0- -0.70 hp 



W, 


*7n = 


rev 


w, 


0.20 hp 
0.7 hp 


28.9% 


8-23 It is to be shown that the power produced by a wind turbine is proportional to the cube of the wind velocity and the 
square of the blade span diameter. 

Analysis The power produced by a wind turbine is proportional to the kinetic energy of the wind, which is equal to the 
product of the kinetic energy of air per unit mass and the mass flow rate of air through the blade span area. Therefore, 

Wind power = (Efficienc y)(Kinetic energy)(Massflow rate of air) 

V 2 V 2 nD 2 

= 1 wind —ipAV) = 77 wind — p — — V 

xV 3 D 2 , , 

= wind/ 7 3 = (Constantly D 

O 

which completes the proof that wind power is proportional to the cube of the wind velocity and to the square of the blade 
span diameter. 
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Exergy Analysis of Closed Systems 


8-11 


8-24C Yes, it can. For example, the 1st law efficiency of a reversible heat engine operating between the temperature limits 
of 300 K and 1000 K is 70%. However, the second law efficiency of this engine, like all reversible devices, is 100%. 


8-25 A fixed mass of helium undergoes a process from a specified state to another specified state. The increase in the useful 
energy potential of helium is to be determined. 


Assumptions 1 At specified conditions, helium can be treated as an ideal gas. 

2 Helium has constant specific heats at room temperature. 

Properties The gas constant of helium is R = 2.0769 kJ/kg.K (Table A-l). The 
constant volume specific heat of helium is c u = 3.1 156 kJ/kg.K (Table A-2). 

Analysis From the ideal-gas entropy change relation, 

T . 1 ^ 

•*2 -h = c i/,a Vg In ~ + R In ~ 

1 \ V\ 

= (3. 1 156 kJ/kg • K) In + (2.0769 kJ/kg • K) In °' 5m — 

288 K 3 m /kg 

= -3.087 kJ/kg -K 



The increase in the useful potential of helium during this process is simply the increase in exergy, 
a >2 -O | -u 2 ) — T 0 (s 1 - s 2 ) + P 0 (i/, -i/ 2 )] 

= -(8 kg){ (3. 1156 kJ/kg • K)(288 - 353) K - (298 K)(3.087 kJ/kg • K) 

+ (100 kPa)(3 -0.5)m 3 / kg[kJ/kPa • m 3 ] } 

= 6980 kj 
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8-12 


8-26E Air is expanded in an adiabatic closed system with an isentropic efficiency of 95%. The second law efficiency of the 
process is to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 The process is adiabatic, and thus there is no heat 
transfer. 3 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm- R, c v = 0.171 Btu/lbm- R, k = 1.4, and R = 
0.06855 Btu/lbm R (Table A-2Ea). 

Analysis We take the air as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


^in ^out 


A F 

system 


Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

-W 6>0Ut =A£/=mc„(r 2 -r 1 ) 
The final temperature for the isentropic case is 


T ls = ?i 


f p ^ 

f_2 

\ p i j 


(k-\)l k 


= (600 R) 


A 20psia a °' 4/1 ' 4 



180psia 

The actual exit temperature from the isentropic relation is 


= 320.3 R 


?! = 


t,-t 2 

t x -t 2s 


T 2 =T x - rj(T x -T 2s ) = 600 - (0.95X600 - 320.3) = 334.3 R 
The boundary work output is 


w 


/ 2 ,out = ( T i - T 2 ) = (0. 171 Btu/lbm- R)(600 - 334.3)R = 45.44 Btu/lbm 



The entropy change of air is 

T P 

A s ■ = c A n — - R In — 
dir p T x P x 


= (0.240 Btu/lbm- R)ln 334,3 R - (0.06855 Btu/lbm- R)ln 20psia 


600 R 

= 0.0 1021 Btu/lbm- R 

The exergy difference between states 1 and 2 is 

^1 — ^2 ~ u \ ~ u 2 + ^0 ( V 1 — ^2 ) — To ( l ^l — s 2 ) 


180psia 


- c v(T\ - T 2 ) + PqR 


' P l P 2 J 


-T’oUi -Si) 


- 45.44 Btu/lbm+ (14.7 psia)(0. 06855 Btu/lbm- R) 


( 600 R 334.3R A 


180psia 20psia 


- (537 R)(-0. 0 1 02 1 B tu/lbm- R) 


= 37.44 Btu/lbm 

The useful work is determined from 


W, = >v fe , out - w sun . = c v (T y -T 2 )-P 0 (i / 2 - i/j ) = c v (Ty -T 2 )-P 0 R 


\ P 2 P \ ) 


- 45.44 Btu/lbm- (14.7 psia)(0.06855 Btu/lbm- R) 


334. 3 R 600 R 

20psia 180psia 


= 31.96 Btu/lbm 

The second law efficiency is then 


Rn = 


w, 


3 1.96 Btu/lbm 


A</> 37.44 Btu/lbm 


= 0.854 
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8-13 


8-27E Air and helium at specified states are considered. The gas with the higher exergy content is to be identified. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air and helium are ideal gases with constant specific 
heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm- R, c v = 0.171 Btu/lbm- R, k = 1.4, and R = 
0.06855 Btu/lbm R = 0.3704 psia-ft 3 /lbm-R. For helium, c p = 1.25 Btu/lbm R, c v = 0.753 Btu/lbm R, k = 1.667, and R = 
0.4961 Btu/lbm R- 2.6809 psia-ft 3 /lbm-R. (Table A-2E). 

Analysis The mass of air in the system is 

PV (100 psia)(15 i 3 ) e nnA 1U 

m = = = 5.704 lbm 

RT (0.3704psia • ft 3 /lbm - R)(710 R) 

The entropy change of air between the given state and the dead state is 

T P 

s - s a = c n In R In — 

P To To 

= (0.240 Btu/lbm- R)ln^^ - (0.06855 Btu/lbm- R)ln 1Q ° pSm 

537 R 14.7 psia 

= -0.06441 Btu/lbm- R 

The air’s specific volumes at the given state and dead state are 

„ = ^ = (0-3704 psia.tVibm.RKVIOR, = ^ f 3/lbm 
P 100 psia 

„ 0 = ^ = (0.3704 psia ft 3 /lbm- R)(537 R) = ^ f 3/lbm 
P 0 14.7 psia 

The specific closed system exergy of the air is then 
</> = u-u 0 +P 0 (v-v q )-T 0 (s-s q ) 


Air 
15 ft 3 
100 psia 
250°F 


= c v (T-T 0 ) + P 0 (v-i/ 0 )-T 0 (s-s 0 ) 


= (0.171 Btu/lbm- R)(300 - 77)R + (14.7 psia)(2.630 - 13.53)ft 


f 


3 /lbrJ 


1 Btu 


l v 5.404psia • ft 


\ 


J 


- (537 RX-0.06441) Btu/lbm- R 


= 34.52 Btu/lbm 


The total exergy available in the air for the production of work is then 
O = m(j) = (5.704 lbm)(34. 52 Btu/lbm)= 1 97BtU 


We now repeat the calculations for helium: 


Pi/ 

m = 

RT 


(60 psia)(20 ft 3 ) 

(2.6809 psia • ft 3 /lbm • R)(660 R) 


0.6782 lbm 


T 

s — Sr\ = c „ In R In 


p 


Tn 


P 


= (1.25 Btu/lbm - R)ln^^ - (0.4961 Btu/lbm - R)ln 60psia 


537 R 


14.7 psia 


= -0.4400 Btu/lbm - R 


RT 

v = 

P 


(2.6809 psia • t 3 /lbm - R)(660 R) 
60 psia 


= 29.49 f 3 /lbm 


Helium 
20 ft 3 
60 psia 
200°F 
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8-14 


(/o = 


RT 0 (2.6809psia • ft Vlbm- R)(537 R) 


Pn 


14.7 psia 


= 97.93 ft -Vlbm 


— u Wq + Pq (t/ c/q) Tq(s s 0 ) 

= (T - r 0 ) + P 0 (c/ - c / 0 ) - T 0 (s - s 0 ) 

= (0.753 Btu/lbm- R)(200 - 77)R + (14.7 psia)(29.49 - 97.93)ft 3 /lbm| 

- (537 R)(-0.4400) Btu/lbm- R 
= 142.7 Btu/lbm 


1 Btu 


5.404psia • ft 


O = m</> = (0.6782 lbm)(142.7 Btu/lbm)= 96.8 Btu 

Comparison of two results shows that the air system has a greater potential for the production of work. 
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8-28 Steam and R-134a at the same states are considered. The fluid with the higher exergy content is to be identified. 
Assumptions Kinetic and potential energy changes are negligible. 

Analysis The properties of water at the given state and at the dead state are 


8-15 


P = 800 kPa ' 

r = i80°c 

r 0 = 25 °c 
P 0 =100 kPa 


u = 2594.7 kJ/kg 

</ = 0.24720 m 3 /kg (Table A - 6) 

s = 6.7155 kJ/kg K 

Uq = u j @ 25 °c = 104.83 kJ/kg 

c/ 0 =c/y@ 25 ° c = 0.001003 m 3 /kg (Table A -4) 

s 0 =s f@ 25 o C = 0.3672 kJ/kg • K 


Steam 
1 kg 

800 kPa 
180°C 


The exergy of steam is 

U> = m[u -u 0 +P 0 (v-v 0 )-T 0 (s-s 0 )] 


= (1 kg) 


(2594.7 - 104.83)kJ/kg + (100 kPa)(0. 24720 - 0.001003)m7kg 


lkJ 

lkPam 3 


- (298 KX6.7155 - 0.3672)kJ/kg • K 

= 622.7kJ 


For R-134a; 


P = 800 kPa ' 

r = i80°c 

r 0 = 25 °c 
P 0 =100 kPa 


u= 386.99 kJ/kg 

(/ = 0.044554 m 3 /kg (Table A - 13) 

s = 1.3327 kJ/kg -K 

Uq = u / (q) 25 °c = 85.85 kJ/kg 

c/ 0 =c/y@ 25 ° c = 0.0008286 m 3 /kg (Table A- 11) 

s 0 =s j-@ 25 o C = 0.32432 kJ/kg • K 


R-134a 
1 kg 

800 kPa 
180°C 


O = m[u-u 0 +P 0 (v-v 0 )-T 0 (s-s 0 ). 


= (1 kg) 


(386.99 - 85.85)kJ/kg + (100 kPa)(0.044554 - 0.0008286)m 3 /kg 


lkJ 

1 kPa-m 


- (298 K)(l . 3327 - 0.32432)kJ/kg • K 

5.02kJ 


The steam can therefore has more work potential than the R-134a. 
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8-16 


8-29 A cylinder is initially filled with R-134a at a specified state. The refrigerant is cooled and condensed at constant 
pressure. The exergy of the refrigerant at the initial and final states, and the exergy destroyed during this process are to be 
determined. 

Assumptions The kinetic and potential energies are negligible. 

Properties From the refrigerant tables (Tables A-l 1 through A- 13), 

v x = 0.034875m 3 /kg 
u x = 274.03 kJ/kg 
s x = 1.0257 kJ/kg -K 

3 


P x =0.7 MPa 
T x = 60°C 


P 2 = 0.7 MPa 
T 2 = 20°C 


i / 2 = V/@ 20 o C = 0.0008 160 m /kg 

u 2 =. u j- @ 2 (rc = 78. 85 kJ/kg 

20 o C = 0.30062 kJ/kg -K 

3 


S', =s 


f 



Q 


P 0 =0.1 MPa 

r 0 = 20°c 


i/ 0 = 0.23373m" /kg 
u 0 =248.81 kJ/kg 
s 0 =1.0919 kJ/kg -K 

Analysis ( a ) From the closed system exergy relation, 

X\ = ®\ =m{(u x -u 0 )-T 0 (s x -^ 0 ) + P 0 ((/ 1 -c/ 0 )} 

= (8 kg){ (274.03 - 248.81) kJ/kg - (293 K)( 1.0257 - 1.0919) kJ/kg • K 


+ (100 kPa)(0. 034875 - 0.23373)m J /kg 

= 197.8 kj 


IkJ 


IkPa-m 3 


and 


X 2 =0 2 =m{(u 2 -u 0 )-T 0 (s 2 -s 0 ) + P 0 (v 2 -</ 0 )} 

= (8 kg){ (78.85 - 248.81) kJ/kg - (293 K)(0.30062 - 1.0919) kJ/kg • K 

IkJ 


+ (100 kPa)(0. 0008 160 - 0.23373)m"/kg 

= 308.6 kj 


1 kPa • m 


(b) The reversible work input, which represents the minimum work input fF rcv ,in in this case can be determined from the 
exergy balance by setting the exergy destruction equal to zero, 


^in ^out 

v. J 

V 

Net exergy traisfer 
by heat, work, and mass 


_ y <P0 (reversible) _ \y 

^ destroyed — system 


Exergy 

destmcticn 


Change 
in exergy 


Wmv,in =X 2 -X x =308.6 -197.8 = 1 10.8 kJ 


Noting that the process involves only boundary work, the useful work input during this process is simply the boundary work 
in excess of the work done by the surrounding air, 

^u,n = - W sulT , in = W m - P 0 (V x ~</ 2 ) = P(V X -l/ 2 )- P 0 M(V X ~ V 2 ) 

= m(P - P 0 )(i/j — </ 2 ) 


= (8kg)(700 - 100 kPa)(0.034875 -0.0008 160 m 3 / kg) 


IkJ 


lkPa • m 


= 163.5 kJ 


Knowing both the actual useful and reversible work inputs, the exergy destruction or irreversibility that is the difference 
between the two is determined from its definition to be 


^destroyed = I = ^kiin ~ ^vin = 163.5 - 1 10.8 = 52.7kJ 
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8-30 The radiator of a steam heating system is initially filled with superheated steam. The valves are closed, and steam is 
allowed to cool until the pressure drops to a specified value by transferring heat to the room. The amount of heat transfer to 
the room and the maximum amount of heat that can be supplied to the room are to be determined. 


Assumptions Kinetic and potential energies are negligible. 
Properties From the steam tables (Tables A-4 through A- 6), 


P x = 200 kPa 
T x = 200°C 


v x = 1.0805 m 3 / kg 
u x = 2654.6 kJ/kg 
s x = 7.5081 kJ/kg -K 


<^2 1.0805-0.001029 


x 2 = 


T 2 = 80°C 
0 2 ={/ \) 


V 


fg 


3.4053-0.001029 


= 0.3171 


>Un = 


So = 


u f + x 2 u fg - 334.97 + 0.3171x2146.6 = 1015.6 kJ/kg 
s f +x 2 s fg = 1. 0756 + 0. 3171x 6.5355 = 3.1479 kJ/kg- K 



Steam 
20 L 
P x = 200 kPa 
T x = 200°C 


Q 


out 



Analysis (a) The mass of the steam is 


(/ 0.020 m 3 

m = — = 

<6 1.0805 m 3 /kg 


0.01851kg 


The amount of heat transfer to the room is determined from an energy balance on the radiator expressed as 


^in ^out ^^system 

V v ' . ' V ' 

Net energy transfer C h an gein internal, kinetic, 

by heat, work, and mass potential, etc. energies 


-<2 0 ut - — m ( u 2 ~ u \) (since W = KE = PE = 0) 

Gout = m ( u \ ~ u 2 ) 


or 


Q oui = (0.0 1 85 1 kg)(2654. 6-1015.6) kJ/kg = 30.3 kj 


(b) The reversible work output, which represents the maximum work output lF r ev,out in this case can be determined from the 
exergy balance by setting the exergy destruction equal to zero, 


Y y y <^0 (reversible) 

^ in ~ ^ out — ^ destroyed 

Net exergy traisfer Exergy 

by heat, work, and mass destructicn 


AY 

system 

V 

Change 
in exergy 


-w t 


rev,out 


= *2~X l 


-> w. 


rev,out 


= Xi-X 2 


- ^1 ^2 


Substituting the closed system exergy relation, the reversible work during this process is determined to be 

Wrev.out = m[(«i -u 2 ) - T 0 (5j - s 2 ) + P 0 (v/° - 1/ 2 )] 

= m[(u l -u 2 )-T 0 (s 1 - s 2 )] 

= (0.01851 kg) [(2654. 6 - 1 0 1 5 . 6)kJ/kg - (27 3 K)(7.5081 -3. 1479)kJ/kg • k] = 8.305 kJ 


When this work is supplied to a reversible heat pump, it will supply the room heat in the amount of 


W, 


Qh = cop HP , r , v w rcv = "T = - 

1 1 L' 1 H i_ 


8.305 kJ 


273/294 


= 116 kj 


Discussion Note that the amount of heat supplied to the room can be increased by about 3 times by eliminating the 
irreversibility associated with the irreversible heat transfer process. 
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8-31 Problem 8-30 is reconsidered. The effect of the final steam temperature in the radiator on the amount of actual 

heat transfer and the maximum amount of heat that can be transferred is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


T_1 =200 [C] 

P_1=200 [kPa] 

V=20 [L] 

T_2=80 [C] 

T_o=0 [C] 

P_o=100 [kPa] 

"Conservation of energy for closed system is:" 

EJn - E_out = DELTAE 
DELTAE = m*(u_2 - u_1) 

E_in=0 
E_out= Q_out 

u_1 =intenergy(steam _iapws,P=P_1 ,T =T_1 ) 
v_1 =volume(steam_iapws,P=P_1,T=T_1) 
s_1 =entropy(steam_iapws,P=P_1,T=T_1) 
v_2 = v_1 

u_2 = intenergy(steam_iapws, v=v_2,T=T_2) 
s_2 = entropy(steam_iapws, v=v_2,T=T_2) 
m=V*convert(L,m A 3)/v_1 

W_rev=-m*(u_2 - u_1 -(T_o+273.15)*(s_2-s_1)+P_o*(v_1-v_2)) 

"When this work is supplied to a reversible heat pump, the heat pump will supply the room heat in the amount of 


QJH = COP_HP*W_rev 
COP_HP = T_H/(T_H-T_L) 
T_H = 294 [K] 

T_L = 273 [K] 


Qh 

Qout 

t 2 

w rev 

[kJl 

[kJl 

[C] 

fkJl 

155.4 

46.66 

21 

11.1 

153.9 

45.42 

30 

11 

151.2 

43.72 

40 

10.8 

146.9 

41.55 

50 

10.49 

140.3 

38.74 

60 

10.02 

130.4 

35.09 

70 

9.318 

116.1 

30.34 

80 

8.293 



E 

o 

o 

DC 

O 

a- 

a> 

(/> 

c 

as 

a. 

I- 

+* 

as 

a) 

X 
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8-32E An insulated rigid tank contains saturated liquid-vapor mixture of water at a specified pressure. An electric heater 
inside is turned on and kept on until all the liquid is vaporized. The exergy destruction and the second -law efficiency are to 
be determined. 

Assumptions Kinetic and potential energies are negligible. 

Properties From the steam tables (Tables A-4 through A-6) 

, I/, =v f +x,v fe = 0.0 1 708 + 0.25 x(l 1.901 -0.01 708) = 2.9880ft 3 /lbm 
P, = 35 psia J /l 

1 \u x =u f + x x u fg = 227.92 + 0.25x862. 19 = 443.47 Btu /lbm 

Al _0 ' 25 ^ s, =s f + x x s fg = 0.38093 + 0.25x1.30632 = 0.70751 Btu/ lbm -R 


i/ 2 = C/j 

sat. vapor 



U g@v =2.988Qft 3 /lbm 

6 

S g@ i/ ? =2.988Cft 3 /lbm 


= 1110.9Btu/lbm 
= 1.5692 Btu/lbm-R 


Analysis (a) The irreversibility can be determined from its definition 
^destroyed = ToS gen where the entropy generation is determined from an entropy 
balance on the tank, which is an insulated closed system, 

c _ c i c —AS’ 

^in ^out 1 ^ gen ^ system 

Net en tro p y tnn s fer En tro p y C h an g e 

by heat and mass generation in entropy 

^gen — system — fn ( s 2 ~ s l ) 


Substituting, 

^destroyed — -^O^gen — ^-^0 (^2 ~ ^1 ) 

= (61bm)(535 R)(1.5692-0.70751)Btu/lbm- R = 2766 Btu 




h 2 o 

35 psia 




1 w. 

u. 


(. b ) Noting that V = constant during this process, the W and W u are identical and are determined from the energy balance on 
the closed system energy equation, 

-^in — ^out — ^^system 

V v ' . V V ' 

Net energy traisfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

VT e?in =A U = m(u 2 -u x ) 


or, 


W ein = (6 lbm)(l 1 10.9 - 443.47)Btu/lbm = 4005 Btu 
Then the reversible work during this process and the second-law efficiency become 
= WV, n "^destroyed = 4005-2766 = 1239 BtU 


Thus, 


J h 


W. 


rev 




1239 Btu 
4005 Btu 


30.9% 
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8-33 An insulated cylinder is initially filled with saturated liquid water at a specified pressure. The water is heated 
electrically at constant pressure. The minimum work by which this process can be accomplished and the exergy destroyed 
are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat 
transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression or expansion 
process is quasi-equilibrium. 

Analysis (a) From the steam tables (Tables A-4 through A-6), 

u \ = u f@ i20kPa = 439.27 k J / kg 

3 


P x =120 kPa 
sat. liquid 


={/ f@ i 20 kPa = 0.001047 m /kg 
h x - /*/ @ 1 20kPa = 439. 36 kJ/kg 
^ l = s / @ i 20kPa = 1 • 3609 kJ/kg • K 


The mass of the steam is 


V 

m = — = 

c/i 


0.008 m 


= 7.639 kg 


1 

1 

s 


s 

J Saturated 

1 . 

\j Liquid J 

^ h 2 o % 

% P = 120 kPa % 

S L 

| w, 

1 . 


s 


'i 0.001047 m /kg 

We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this stationary closed system can be expressed as 

= A 


^in ^out 


'system 


Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

W e , ia ~W b ' OM = AU 

We, in = m(h 2 -/!,) 

since A U + W b = AH during a constant pressure quasi-equilibrium process. Solving for h 2 , 

= 622.63 kJ/kg 


h 2 =h x + 


— = 439.36 + l4 ° 0kJ 


m 


Thus, 


= 


7.639kg 


h 2 -h f 


622.63 - 439.36 


P 2 =120 kPa 
h 2 =622.63 kJ/kg 


h 


= 0.08168 


fg 


\ s 2 =s f +x 2 s fg 


2243.7 

= 1 .3609 + 0.08 1 68 x 5 .93687 = 1 .8459 kJ/kg • K 

u 2 = u j + x 2 u j g = 439.24 + 0.08168 x 2072.4 = 608.52 kJ/kg 

v 2 = v f + x 2 v fg = 0.001047 + 0.08168 x (1.4285 - 0.001047) = 0.1 176 m 3 /kg 

The reversible work input, which represents the minimum work input W revdn in this case can be determined from the exergy 
balance by setting the exergy destruction equal to zero, 

y _ y — Y ^*0 (reversible) _ \ y v ti/ — Y — Y 

^in ^out ^destroyed LAA ~ system KV rev,in ^2 


Net exergy transfer 
by heat, work, and mass 


Exergy 

destructicn 


Change 
in exergy 


Substituting the closed system exergy relation, the reversible work input during this process is determined to be 
w rev , in =-rn[(u 1 -« 2 )-r 0 (jj -s 2 ) + P 0 (v l -v 2 )] 

= -(7.639 kg){ (439.27 - 608.52) kJ/kg - (298 K)(l .3609 - 1 . 8459) kJ/kg • K 

+ (100 kPa)(0. 001047 - 0. 1 176)m 3 /kg[l kJ/1 kPa • m 3 ]} 

= 278kJ 

(b) The exergy destruction (or irreversibility) associated with this process can be determined from its definition X des troyed 
ToSgen where the entropy generation is determined from an entropy balance on the cylinder, which is an insulated closed 
system, 


c _ e 

° in ‘-’out 


+ 5 


gen 


= AS 


system 


Net entropy tnnsfer Entropy Change 
byheatandmass generation in entropy 


^ gen “ AS system “ m ( s 2 S l ) 

Substituting, 

^destroyed = ^()S gen = (*2 " *i ) = ( 2 98 K)(7. 639 kg)(l . 8459 - 1 . 3609)kJ/kg K = 1104 kj 
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8-34 



Problem 8-33 is reconsidered. The effect of the amount of electrical work on the minimum work and the exergy 


destroyed is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


x_1=0 

P_1=120 [kPa] 

V=8 [L] 

P_2=P_1 

{W_Ele = 1400 [kJ]} 
T_o=25 [C] 
P_o=100 [kPa] 


"Conservation of energy for closed system is:" 
EJn - E_out = DELTAE 
DELTAE = m*(u_2 - u_1) 

E_in=W_Ele 
E _out= W_b 
W_b = m*P_1*(v_2-v_1) 
u_1 =intenergy(steamJapws,P=P_1,x=x_1) 
v_1 =volume(steam_iapws,P=P_1,x=x_1) 
s_1 =entropy(steam_iapws,P=P_1,x=x_1) 
u_2 = intenergy(steam_iapws, v=v_2,P=P_2) 
s_2 = entropy(steam_iapws, v=v_2,P=P_2) 
m=V*convert(L,m A 3)/v_1 
W_rev_in=m*(u_2 - u_1 -(T_o+273.15) 
*(s_2-s_1 )+P_o*(v_2-v_1 )) 

"Entropy Balance:" 

S_in - S_out+S_gen = DELTAS_sys 
DELTAS_sys = m*(s_2 - s_1) 

S_in=0 [kJ/K] 

S_out= 0 [kJ/K] 

"The exergy destruction or irreversibility is:" 
X_destroyed = (T_o+273.15)*S_gen 




W E | e 

[kJ] 

w rev , in 

[kJ] 

^destroyed 

[kJ] 

0 

0 

0 

200 

39.68 

157.8 

400 

79.35 

315.6 

600 

119 

473.3 

800 

158.7 

631.1 

1000 

198.4 

788.9 

1200 

238.1 

946.7 

1400 

277.7 

1104 

1600 

317.4 

1262 

1800 

357.1 

1420 

2000 

396.8 

1578 
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8-35 An insulated cylinder is initially filled with saturated R-134a vapor at a specified pressure. The refrigerant expands in a 
reversible manner until the pressure drops to a specified value. The change in the exergy of the refrigerant during this 
process and the reversible work are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat 
transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The process is stated to be reversible. 

Analysis This is a reversible adiabatic (i.e., isentropic) process, and thus s 2 = s\. From the refrigerant tables (Tables A-l 1 
through A- 13), 


P x =0.6 MPa 
sat. vapor 


1/1 

>u x 


— v g @o.6MPa — 0.03433 m /kg 
= u g @o.6 MPa = 241. 86 kJ/kg 
= s g @ o.6 MPa = 0* 9220 kJ/kg • K 


The mass of the refrigerant is 


V 

m = — 

<6 


0.03 m 3 

0.03433m 3 /kg 


0.8738 kg 



P 2 =0.16 MPa 



09220 - 012686 = 09?54 
s fg 0.81517 

v 2 =v f + x 2 v fg =0.0007435 + 0.9754(0.12355 -0.0007435) = 0.12053 m 3 /kg 
u 2 -u j + x 2 Uf g =3 1.06 + 0.9754x190.3 1 = 216.69 kJ/kg 


The reversible work output, which represents the maximum work output lT,ev,out can be determined from the exergy balance 
by setting the exergy destruction equal to zero, 


^in ^out 

V 

Net exergy transfer 
by heat, work, and mass 


-X 


+0 (reversible) 


destroyed 


Exergy 

destructicn 


AY 

system 

V 

Change 
in exergy 


-W re v,out = X2-Xl 

^rev,out — ^1 — ^ 2 


~ ^1 ^2 


Therefore, the change in exergy and the reversible work are identical in this case. Using the definition of the closed system 
exergy and substituting, the reversible work is determined to be 


W rev,out = °l - ®2= m 


(M| -u 2 )-T 0 (s 1 -s 2 ) <? +P 0 (V 1 -v 2 )\=m[(Uf -u 2 ) + P 0 ( i/, -v 2 \ 


= (0.8738 kg) [(241. 86 - 216.69) kJ/kg + (100 kPa)(0.03433 - 0. 12053)m 3 / kg[kJ/kPa • m 3 ] 

= 14.5 kj 
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8-36E Oxygen gas is compressed from a specified initial state to a final specified state. The reversible work and the increase 
in the exergy of the oxygen during this process are to be determined. 

Assumptions At specified conditions, oxygen can be treated as an ideal gas with constant specific heats. 

Properties The gas constant of oxygen is R = 0.06206 Btu/lbm.R (Table A-1E). The constant-volume specific heat of 
oxygen at the average temperature is 


T avg =(T X +r 2 )/2 = (75 + 525) 12 = 300°F >c v avg = 0.164 Btu/lbm-R 

Analysis The entropy change of oxygen is 


^2 ‘ S ’l _6 T,avgl n 


( r r \ 

\ T \ J 


+ R\n 






= (0. 1 64 B tu/lbm- R) ln| 
= -0.02894 Btu/lbm-R 


985 R 
535 R 


+ (0.06206 Btu/lbm-R) In 


^1.5ft 3 /lbm^ 
12 ft 3 /lbm 



The reversible work input, which represents the minimum work input W^in in this case can be determined from the exergy 
balance by setting the exergy destruction equal to zero, 


y _ y — y ^0 (reversible) _ \y . 11 / _ y _ y 

^in ^out ^destroyed system VK rev,in ^2 


Net exergy traisfer 
by heat, work, and mass 


Exergy 

destructicn 


Change 
in exergy 


Therefore, the change in exergy and the reversible work are identical in this case. Substituting the closed system exergy 
relation, the reversible work input during this process is determined to be 

^ rev, in = ^2 ~<k = 40l ~U 2 )-T 0 (s 1 -S 2 ) + P 0 - V 2 )] 

= -{(0. 164 B tu/lbm- R)(535 - 985)R - (535 R)(0.02894 B tu/lbm- R) 

+ (14.7 psia)(12 -1.5)t 3 /lbm[Btu/5.4039psia-ft 3 ]} 

= 60.7Btu/lbm 

Also, the increase in the exergy of oxygen is 
</>2 -</>! = H ',ev.,n = 60.7 Btu/lbm 
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8-37 A cylinder initially contains air at atmospheric conditions. Air is compressed to a specified state and the useful work 
input is measured. The exergy of the air at the initial and final states, and the minimum work input to accomplish this 
compression process, and the second-law efficiency are to be determined 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 The kinetic and potential energies are negligible. 

Properties The gas constant of air is R = 0.287 kPa.m/kg.K (Table A-l). The specific heats of air at the average temperature 
of (298+423)/2=360 K are c p = 1.009 kJ/kg-K and c v = 0.722 kJ/kg-K (Table A-2). 

Analysis (a) We realize that X\ = Oj = 0 since air initially is at the dead state. The mass of air is 


Also, 


and 


m = 




(100 kPa)(0.002 nr ) 

RT X (0.287 kPa • m 3 / kg • K)(298 K) 


= 0.00234 kg 


p 2 v 2 PM 


77 


Z 


,C/.=^ t /, = (10 ° kPaX423K) (2L) = 0.473L 


2 P 2 T 1 1 (600 kPa)(298 K) 


T 

s 2 ~ s o = C P , avg In — -/?ln 


Tr 


Pn 


= (1.009 kJ/kg • K) In - (0.287 kJ/kg • K) In 600 kPa 


298 K 


100 kPa 


= -0.1608 kJ/kg-K 



Thus, the exergy of air at the final state is 

X 2 = ® 2 - m l c i/,avg(^2 ~ T o)~ T o( s 2 _ ‘ S ’o)J + ^o(^2 _ K)) 

= (0.00234 kg) [(0.722 kJ/kg • K)(423 - 298)K - (298 K)(-0. 1608 kJ/kg • K)] 
+ (100 kPa)(0. 000473 - 0.002)m 3 [kJ/m 3 • kPa] 

= 0.171kJ 


(b) The minimum work input is the reversible work input, which can be determined from the exergy balance by setting the 
exergy destruction equal to zero, 

v _ v _ Y 7,0 ( reversible ) — ay 

^in ^out ^destroyed — system 

^ 'V' ^ J v J 

Net exergy traisfer Exergy Change 

by heat, work, and mass destruction in exergy 

"Win = ^2 - 

= 0.171-0 = 0.171kJ 

(c) The second-law efficiency of this process is 


7h 


W 

rev, in 

w 

f T u,in 


0.171kJ 
1.2 kJ 


14.3% 
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8-38 An insulated tank contains C0 2 gas at a specified pressure and volume. A paddle-wheel in the tank stirs the gas, and 
the pressure and temperature of C0 2 rises. The actual paddle-wheel work and the minimum paddle-wheel work by which this 
process can be accomplished are to be determined. 


Assumptions 1 At specified conditions, C0 2 can be treated as an ideal gas with 
constant specific heats at the average temperature. 2 The surroundings 
temperature is 298 K. 

Properties The gas constant of C0 2 is 0.1889 kJ/kg-K (Table A-l) 

Analysis (a) The initial and final temperature of C0 2 are 


Ti = 


PM (100kPa)(0.8 m 3 ) 

mR (1 .54 kg)(0. 1 889 kPa • m 3 / kg • K) 


t 2 = 


P 2 V 2 


(135 kPa)(0.8 m ) 


mR (1.54 kg)(0. 1889 kPa • m 3 / kg • K) 


= 275.0 K 


= 371.3 K 



T w g = (7’| +T 2 )/ 2 = (275.0 + 371.3) / 2 = 323.1 K >c vavg = 0.680 kJ/kg • K (Table A-2 b) 

The actual paddle-wheel work done is determined from the energy balance on the C0 2 gas in the tank, 

We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 

^in — ^out — ^Aystem 

' V ' . ' ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Wpw.,,, = A (7 = mc v (T 2 - T x ) 


or 


W pwin = (1 .54 kg)(0.680 kJ/kg • K)(37 1 . 3 - 275.0)K = 100.8kJ 


(b) The minimum paddle-wheel work with which this process can be accomplished is the reversible work, 
which can be determined from the exergy balance by setting the exergy destruction equal to zero, 

y _ y —Y ^ (reversible) _ * y v iir _ y _ y 

A in ^out ^destroyed system f VK rev,in ^2 

^ ^ V- -J V- -J 

Net exergy trmsfer Exergy Change 

by heat, work, and mass destmcticn in exergy 


Substituting the closed system exergy relation, the reversible work input for this process is determined to be 

W rev ,in = m (“2 - «1 ) - T 0 <>2 - *1 ) + ^0 (vf - ). 

= m k,avg( 7 ’2 — Ti ) — 7 o(i 2 -^l)] 

= (1. 54 kg)[(0.680 kJ/kg • K)(371.3 -275.0)K - (298 K)(0. 2041 kJ/kg • K)] 

= 7.18 kj 


since 


T 


In — + 7? In — <P° = (0.680 kJ/kg-K) In 


— S, = C 


i/,avg 


r, 




371. 3K 
275.0 K 


\ 


= 0.2041 kJ/kg-K 
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8-39 An insulated cylinder initially contains air at a specified state. A resistance heater inside the cylinder is turned on, and 
air is heated for 10 min at constant pressure. The exergy destruction during this process is to be determined. 

Assumptions Air is an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Analysis The mass of the air and the electrical work done during this process are 


m = 


m 


(140 kPa)(0.020 nr ) 


RT X (0.287kPa • m 3 /kg • K)(300 K) 
w = w At = (0. 100 kJ/s)(10 x 60 s) = 60 kJ 


= 0.03250kg 


Also, 


T x = 300 K > h x — 300. 19 kJ/kg and s\ = 1 .70202 kJ/kg • K 

The energy balance for this stationary closed system can be expressed as 



^in ^out 


A E e 


system 


Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W e ,i„— W b ,out=A£/ 

W e ,in =m(h 2 -h t ) 

since A U + W b = AH during a constant pressure quasi-equilibrium process. Thus, 


h 2 =h x + 


W 

— — = 300.19 + 
m 


60 kJ oi/i/CQiT/i Table A-17 v 

= 2146.3 kJ/kg > 


T 2 = 1915 K 


0.03250 kg 


= 3.7452 kJ/kg K 


Also, 


^2 



-s° -R In 


J 


<Po 



- s° = 3.7452 - 1.70202 = 2.0432 kJ/kg • K 


The exergy destruction (or irreversibility) associated with this process can be determined from its definition X destroyed = r 0 5 g en 
where the entropy generation is determined from an entropy balance on the cylinder, which is an insulated closed system, 


Sin “Sou, + 5 

V. J . 

V * — 

Net entropy tnnsfer 
by heat and mass 


gen 


= AS 


system 


Entropy 

generation 


Change 
in entropy 


^gen system m(s 2 ^l) 

Substituting, 

^destroyed = T Q S gen = mT Q (s 2 -s,) = (0.03250 kg)(300 KX2.0432 kJ/kg • K) = 19.9 kJ 
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8-40 One side of a partitioned insulated rigid tank contains argon gas at a specified temperature and pressure while the other 
side is evacuated. The partition is removed, and the gas fills the entire tank. The exergy destroyed during this process is to be 
determined. 


Assumptions Argon is an ideal gas with constant specific heats, and thus ideal gas relations apply. 
Properties The gas constant of argon is R = 0.2081 kJ/kg.K (Table A-l). 

Analysis Taking the entire rigid tank as the system, the energy balance can be expressed as 


E in E out 

V J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

v. J 

V 

Change in internal, kinetic, 
potential, etc. energies 


0 = AU = m(u 2 - U \ ) 


u 2 = u x -> T 2 =T x 


since u = u(T) for an ideal gas. 



The exergy destruction (or irreversibility) associated with this process can be determined from its definition 
^destroyed = To^gen where the entropy generation is determined from an entropy balance on the entire tank, which is an 
insulated closed system, 


where 


c _ e i c — a S’ 

‘“'in ‘“'out ' u gen ^‘“’system 


Net entropy tan sfer Entropy Change 
by heat and mass generation in entropy 


^gen system 2 ^l) 


system 


^system = m(s 2 -S l ) = m 


j <P() y ^ 

c .. VCT ln — — + /?ln — 

l/ ’ dvg T x V 


\ 


1 


/ 


V, 

= mR In — 

Vx 


= (3 kg)(0.2081 kJ/kg • K)ln(2) = 0.433kJ/K 


Substituting, 

^destroyed = T 0 S gca = "£T 0 (*2 " *1 ) = (298 K)(0.433 kJ/K) = 129 kj 
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8-41E A hot copper block is dropped into water in an insulated tank. The final equilibrium temperature of the tank and the 
work potential wasted during this process are to be determined. 

Assumptions 1 Both the water and the copper block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The tank is well- 
insulated and thus there is no heat transfer. 

Properties The density and specific heat of water at the anticipated average temperature of 90°F are p = 62.1 lbm/ft 3 and 
c p = 1.00 Btu/lbm.°F. The specific heat of copper at the anticipated average temperature of 100°F is c p = 0.0925 Btu/lbm.°F 
(Table A-3E). 

Analysis (a) We take the entire contents of the tank, water + copper block, as the system , which is a closed system. The 
energy balance for this system can be expressed as 

^in — ^out — '^'system 

V V ' . V V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 = AU 
or 

At/ Cu + At/ wateI . =0 
\mc(T 2 -7" l )] Cu +[mc(T 2 -T ] )] water =0 

where 



m w =pV = ( 62.1 lbm/ft 3 )(1 .2 ft 3 ) = 74.52 lbm 
Substituting, 

0 = (70 lbm)(0.0925 Btu/lbm- °F)(r 2 - 220°F) + (74.52 lbm)( 1.0 Btu/lbm- °F)(r 2 - 65°F) 
T 2 = 77.4°F = 537.4 R 


( b ) The wasted work potential is equivalent to the exergy destruction (or irreversibility), and it can be determined from its 
definition X dest royed = ToS gen where the entropy generation is determined from an entropy balance on the system, which is an 
insulated closed system, 


where 


c. _ c i c —AS 1 
in ‘-'out 1 ^ gen system 


Net en tro p y tnn sfer En tropy C h an g e 

by heat and mass generation in entropy 


^gen system water copper 


^ copper mc a\g 


r rj, \ 

1 2 

\ T \ J 


= (70 lbm)(0.0925 Btu/lbm - R)ln 


537.4R 


water avg 


f rj, \ 

±2 

vTi y 


= (74.52 lbm)(1.0 Btu/lbm- R)ln 


v 


V 680 R J 

/ 537.4R A 
525 R 


= -1.5240 Btu/R 


= 1.7384 Btu/R 


/ 


Substituting, 

^destroyed = (525 R)(-1.5240 + 1.7384)Btu/R = 113 Btu 
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8-42 A hot iron block is dropped into water in an insulated tank that is stirred by a paddle-wheel. The mass of the iron block 
and the exergy destroyed during this process are to be determined. V 

Assumptions 1 Both the water and the iron block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The tank is well- 
insulated and thus there is no heat transfer. 

Properties The density and specific heat of water at 25°C are p = 997 kg/nr and c p = 4.18 kJ/kg.°F. The specific heat of iron 
at room temperature (the only value available in the tables) is c p = 0.45 kJ/kg.°C (Table A-3). 

Analysis We take the entire contents of the tank, water + iron block, as the system, which is a closed system. The energy 
balance for this system can be expressed as 

^in — ^out — ^ksystem 

V V ' . v V ' 

Net energy transfer Changein intemal,kinetic, 
by heat, work, and mass potential, etc. energies 

Wpw,in =AU= A U imn + A t/ water 
ttpwpn = \mc(T 2 -T x )l iron +[mc(T 2 - T s )] water 

where 

m water =pV = (997 kg/m 3 )(0. 1 m 3 ) = 99.7 kg 
W pw = W pw>in At = (0.2 kJ/s)(20 x 60 s) = 240 kJ 

Substituting, 

240 kJ = m iron (0.45 kJ/kg • °C)(24 - 85)°C + (99.7 kg)(4. 18 kJ/kg • °C)(24 - 20)°C 

= 52.0kg 



(b) The exergy destruction (or irreversibility) can be determined from its definition X destroyed = T 0 S gen where the entropy 
generation is determined from an entropy balance on the system, which is an insulated closed system, 


c _ c + c = AS’ 

in out gen ^system 

Net en tro p y tnn sfer En tro p y C h an g e 

by heat and mass generation in entropy 


^gen ^-ksystem ^-firon water 


where 


A5 iron = mc avg In 


\ T \ J 


= (52.0kg)(0.45 kJ/kg -K) In 


297 K 
358 K 




= -4.371kJ/K 


water /^C aV g In 


( rj, \ 

1 2 

V r i 7 


= (99.7 kg)(4. 18 kJ/kg -K) In 


297 K 
293 K 


A 


= 5.651kJ/K 


Substituting, 

■^destroyed = ^O^gen = (293 K)(^.371 + 5.65 1) kJ/K = 375.0kJ 
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8-43E A rigid tank is initially filled with saturated mixture of R-134a. Heat is transferred to the tank from a source until the 
pressure inside rises to a specified value. The amount of heat transfer to the tank from the source and the exergy destroyed 
are to be determined. 


Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There is no heat transfer 
with the environment. 


Properties From the refrigerant tables (Tables A-l IE through A-13E), 

. u ] = u f +Xi u fp =16.929 + 0.55 x 79.799 = 60.82 Btu/lbm 
P = 30 psia 1 J 1 }8 

1 s, =s f + x,s f =0.03792 + 0.55x0.18595 = 0.1402 Btu/lbm R 

* =0 55 J Ig 

1 ' J =v f + x l v fg =0.01209 + 0.55 x (1.5506 -0.01209) =0.85825 ft 3 /lbm 


P 2 =50 psia 

> 



0,85825 -0.01252 ^^ 
v fg 0.79361-0.01252 

s 2 =s f + X 2 S fg = 0.05412 + 0.9030 x 0.16780 = 0.2056 Btu/lbm- R 
u 2 = Uj +x 2 Uj g = 24.824 + 0.9030 x 75.228 = 92.76 Btu/lbm 


Analysis ( a ) The mass of the refrigerant is 


1 / 

m = — 

v i 


12ft 3 

0.85825 ft 3 /lbm 


= 13.98 lbm 


We take the tank as the system, which is a closed system. The energy 
balance for this stationary closed system can be expressed as 


^in ^out ^^system 

v v ' . v V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 


Gin =A U =m(u 2 — u | ) 



Substituting, 

Q. m = m (u 2 -u x ) = (13.98 lbm)(92.76- 60.82) Btu/lbm= 446.5 Btu 

( b ) The exergy destruction (or irreversibility) can be determined from its definition ^destroyed = T () S gcn . The entropy 
generation is determined from an entropy balance on an extended system that includes the tank and the region in its 
immediate surroundings so that the boundary temperature of the extended system where heat transfer occurs is the source 
temperature, 



Net entropy tansfer 
by heat and mass 


e 

u gen 

Entropy 

generation 



system 

V 


Change 
in entropy 





“ ^system “ m ( S 2 ^l)* 





T 

source 


Substituting, 

^destroyed = ^O^gen = ^ 


(13.98 lbm)(0.2056- 0.1402)Btu/lbm- R - 


446.5 Btu 
580 R 


= 77.8Btu 
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8-44 Stainless steel ball bearings leaving the oven at a uniform temperature of 900°C at a rate of 1400 /min are exposed to 
air and are cooled to 850°C before they are dropped into the water for quenching. The rate of heat transfer from the ball to 
the air and the rate of exergy destruction due to this heat transfer are to be determined. 

Assumptions 1 The thermal properties of the bearing balls are constant. 2 The kinetic and potential energy changes of the 
balls are negligible. 3 The balls are at a uniform temperature at the end of the process. 

Properties The density and specific heat of the ball bearings are given to be p = 8085 kg/m and c p = 0.480 kJ/kg.°C. 

Analysis (a) We take a single bearing ball as the system. The energy balance for this closed 
system can be expressed as 

^in — ^out = ^'system 

V v ' . V V ' 

Net energy traisfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

“Gout = At/ball “ m(u 2 -M|) 

Gout = mc{T x -T 2 ) 

The total amount of heat transfer from a ball is 

u 1 / 3x^(0.012m) 3 

m = pv = p = (8085 kg/m ) = 0.0073 15 kg 

6 6 

<2 out = mc(T x ~T 2 ) = (0.007315 kg)(0.480 kJ/kg.°C)(900- 850)°C = 0.1756 kJ/ball 
Then the rate of heat transfer from the balls to the air becomes 


(7 total = n b aiiQout(per bail) = ( 1400 balls/min) x (0. 1756 kJ/ball) = 245. 8 kJ/min = 4.10kW 


Therefore, heat is lost to the air at a rate of 4.10 kW. 

( b ) The exergy destruction can be determined from its definition X destroyec i = T 0 S gen . The entropy generated during this process 
can be determined by applying an entropy balance on an extended system that includes the ball and its immediate 
surroundings so that the boundary temperature of the extended system is at 30°C at all times: 


where 


‘-bn ^out 


+ 5 


gen 


= AS 


system 


Net entropy tans fer Entropy Change 

by heat and mass generation in entropy 


G 


out 


Tu 


^ gen ^system 


-» S™ = 


Q 


out 


gen 


Tu 


+ AS 


system 


T 

A6" system = m ( s 2 ~ s 0 = 1710 ays In — = (0.007315 kg)(0.480kJ/kg.K)ln 


T 


850 + 273 
900 + 273 


= -0.0001530 kJ/K 


Substituting, 

Sgen = — + AS system = Q,1756kJ - 0.0001530 kJ/K = 0.0004265 kJ/K (per ball ) 
Tu 303 K 


Then the rate of entropy generation becomes 

Sgen = Sgen^baii = (0.0004265 kJ/K- ball)( 1400 ball s/min) = 0.597 kJ/min. K= 0.00995kW/K 

Finally, 

X destroyed = ^Sgen = (303 K)(0.00995 kW/K) = 3.01kW/K 
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8-32 

8-45 An egg is dropped into boiling water. The amount of heat transfer to the egg by the time it is cooked and the amount of 
exergy destruction associated with this heat transfer process are to be determined. 

Assumptions 1 The egg is spherical in shape with a radius of r 0 = 2.75 cm. 2 The thermal properties of the egg are constant. 
3 Energy absorption or release associated with any chemical and/or phase changes within the egg is negligible. 4 There are 
no changes in kinetic and potential energies. 5 The temperature of the surrounding medium is 25 °C. 

Properties The density and specific heat of the egg are given to be p = 1020 kg/m and c p = 3.32 kJ/kg.°C. 

Analysis We take the egg as the system. This is a closed system since no mass enters or leaves the egg. The energy balance 
for this closed system can be expressed as 

^in — ^out — ^fsystem 

V v ' , V V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Gin = AC/ egg = m ( u 2 ~ u \ ) = mc(T 2 -T x ) 


Then the mass of the egg and the amount of heat transfer become 

m = pV=p — = (1020 kg/m 3 ) ^Q- 055111 * = 0 .0889 kg 
6 6 

Q in = me p (T 2 - 7\) = (0.0889 kg)(3.32kJ/kg. o C)(70-8)°C = 18.3 kj 

The exergy destruction can be determined from its definition X dest royed = TdS gtn . The entropy generated during this process can 
be determined by applying an entropy balance on an extended system that includes the egg and its immediate surroundings 
so that the boundary temperature of the extended system is at 97 °C at all times: 


c. _ c + c = AS 

‘“'in ‘“'out ‘ ‘“'gen ^‘“'system 


Net entropy tons fer Entropy Change 
b y h eat an d mas s g en eratio n in en tro p y 


Gin Gin 

| c —AS —s S — i AS 

*^gen ^system ^gen T ^ system 


r, 


b 


r, 


b 


where 


T. \ 


M system = m(^-^) = rnc avg In -^ = (0.0889 kg)(3.32kJ/kg.K) In 

1 1 o + 2/3 


70 + 273 


= 0.0588 kJ/K 


Substituting, 


S’ gen =--^- + A5 system = - - + 0.0588 kJ/K = 0.00934 kJ/K (per egg) 


T, 


370 K 


Finally, 


^destroyed = T 0 S gea = (298 K)(0.00934 kJ/K) = 2.78 kj 
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8-46 Chickens are to be cooled by chilled water in an immersion chiller that is also gaining heat from the surroundings. The 
rate of heat removal from the chicken and the rate of exergy destruction during this process are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Thermal properties of chickens and water are constant. 3 The 
temperature of the surrounding medium is 25 °C. 

Properties The specific heat of chicken is given to be 3.54 kJ/kg.°C. The specific heat of water at room temperature is 4.18 
kJ/kg.°C (Table A-3). 

Analysis (a) Chickens are dropped into the chiller at a rate of 700 per hour. Therefore, chickens can be considered to flow 
steadily through the chiller at a mass flow rate of 

^chicken = (700 chicken/h) (1 . 6 kg/chicken) = 1120 kg/h = 0.3111 kg/s 

Taking the chicken flow stream in the chiller as the system, the energy balance for steadily flowing chickens can be 
expressed in the rate form as 


T^in ut 


= AC 


710 (steady) 


system 


- 0 -> E [n - E out 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

mh x - <2 0Ut + nth 2 (since Ake = Ape = 0) 

C OU t = C chicken = m chicken 6 '/? ~^ 2 ) 

Then the rate of heat removal from the chickens as they are cooled from 15°C to 3°C becomes 
^chicken —(rite p AT) chicken = (0.31 1 1 kg/s)(3.54 kJ/kg.°C)(15 - 3)° C = 13.22 kW 
The chiller gains heat from the surroundings as a rate of 200 kJ/h = 0.0556 kJ/s. Then the total rate of heat gain by the water 


is 


Gwater = thicken + Cheat gam = 13.22 kW + (400/ 3600) kW = 13.33 kW 

Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass flow rate of water must 
be at least 


m 




water 


13.33 kW 


water 


(c p AT) 


water 


(4.18kJ/kg.°C)(2°C) 


= 1.594 kg/s 


( b ) The exergy destruction can be determined from its definition X destroyed = T 0 S gen . The rate of entropy generation during this 
chilling process is determined by applying the rate form of the entropy balance on an extended system that includes the 
chiller and the immediate surroundings so that the boundary temperature is the surroundings temperature: 

<^0 (steady) 


^in ^out 


+ 


gen 


system 


Rate of net entropy tnnsfer Rate of entropy 
by heat and mass generation 

a 


Rate of change 
of entropy 


m \ s \ +m 3 s 3 -m 2 s 2 -m 3 s 4 + -^ L - + 5' gen =0 




SUIT 


Q, 


m chicken^ 1 +m water ^3 m chicken^2 m water 5 4 + ^ + ^gen - ^ 


r. 


SUIT 


Agen - ^chicken ( s 2 ^1 ) + ^ water ( 5 4 ^3 ) 


Cm 


t d 


surr 


Noting that both streams are incompressible substances, the rate of entropy generation is determined to be 

T T C 

^een — ^ chicken^ p 1^77 ^ water C n 1^ 


r, 


T* T 

x 3 x surr 


Finally, 


= (0.3111 kg/s)(3 . 54 kJ/kg. K) In — + (1 .594 kg/s )(4. 1 8 kJ/kg. K) In _ (400/3600) kW 

288 273.5 298 K 

= 0.001306 kW/K 


-^destroyed = T 0 S gen = (298 K)(0.001306kW/K) = 0.389RW 
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8-47 Heat is transferred to a piston-cylinder device with a set of stops. The work done, the heat transfer, the exergy 
destroyed, and the second-law efficiency are to be determined. 

Assumptions 1 The device is stationary and kinetic and potential energy changes are zero. 2 There is no friction between the 
piston and the cylinder. 3 Heat is transferred to the refrigerant from a source at 150°C. 

Analysis (a) The properties of the refrigerant at the initial and final states are (Tables A-l 1 through A- 13) 

i/j = 0.23373 m 3 /kg 

u x = 248.81 kJ/kg 
s x =1.0919 kJ/kg. K 

i/ 2 = 0.23669 m 3 /kg 

u 2 =296.94 kJ/kg 
s 2 =1.2419 kJ/kg. K 

Noting that pressure remains constant at 120 kPa as the piston 
moves, the boundary work is determined to be 


P x =100 kPa 
T x = 20°C 


P 2 =120 kPa 
T 2 = 80°C 


WL 


R-134a 
1.4 kg 
100 kPa 
20°C 


Q 


b out = mP 2 («/ 2 — c/j ) = (1 .4 kg)(120 kPa)(0. 23669 - 0.23373)m 7kg = 0.497kJ 

(b) The heat transfer can be determined from an energy balance on the system 

Q in = m(u 2 -u x )+W bout =(1.4kg)(296.94 — 248.81)kJ/kg + 0.497kJ = 67.9kJ 

(c) The exergy destruction associated with this process can be determined from its definition X dest royed = T 0 5 gen . The entropy 
generation is determined from an entropy balance on an extended system that includes the piston-cylinder device and the 
region in its immediate surroundings so that the boundary temperature of the extended system where heat transfer occurs is 
the source temperature, 


e _ c 

°in °out 


+ 5 


gen 


= AS 


system 


Net entropy tansfer Entropy Change 
by heat and mass generation in entropy 


Gi 


^bjn 


m + 5 gen= ^system = "+2 ~ S l) 


> S gen =m(s 2 -s l )- 


G in 


T. 


source 


Substituting, 

^destroyed = ^O^gen = (298 K) 


(1.4 kg)(l .2419 - 1.0919)kJ/kg • K - 


67.9 kJ 


150 + 273 K 

(d) Exergy expended is the work potential of the heat extracted from the source at 150°C, 


= 14.8kJ 




expended 


- X Q — Tj thj- e v Q — 


1- 


T 


L 


T 


Q = 


H J 


1- 


25 + 273 K 
150 + 273 K 


(67.9 kJ) = 20.06 kJ 


Then the 2 nd law efficiency becomes 


X 


Pn = 


recovered 


X, 


= 1 - 


^destroyed _ — 14.80 kJ 26 _ 2% 


X. 


20.06 kJ 


expended ^ expended 

Discussion The second-law efficiency can also be determined as follows: 

The exergy increase of the refrigerant is the exergy difference between the initial and final states, 

AX = m[u 2 — m, — T 0 (s 2 — s 1 ) + P 0 («/ 2 - V! )] 

= (1.4 kg)[(296.94 - 248.81)kJ/kg - (298 K)(1.2419 - 1.0919)kg.K + (100 kPa)(0.23669 - 0.23373)m 3 /kg] 
= 5.177kJ 

The useful work output for the process is 

W u ,out = W b , out - mP 0 ( 1/2 - Vl ) = 0.497 kJ - (1 .4 kg)(100 kPa)(0. 23669 - 0.23373)m 3 /kg = 0.0828 kJ 
The exergy recovered is the sum of the exergy increase of the refrigerant and the useful work output, 

^recovered = AX + lV u>out = 5. 177 + 0.0828 = 5.260 kJ 
Then the second-law efficiency becomes 


Pii = 


X 

X 


recovered 


expended 


5.260kJ 
20.06 kJ 


= 0.262 or 26.2% 
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8-48 Refrigerant- 124a is throttled from a specified state to a specified pressure. The reversible work and the exergy 
destroyed during this process are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer is negligible. 

Properties The properties of R-134a before and after the throttling process are (Tables A-l 1 through A- 13) 


P x = 1 MPa 
T { =100°C 


h { = 335.08 kJ/kg 
s x = 1.1032 kJ/kg -K 


P 2 = 0.8 MPa 


h 2 = h\ 


s 2 =1.1 199 kJ/kg K 


Analysis The exergy destruction (or irreversibility) can be determined from an exergy balance or 
directly from its definition X d e St royed = T$S gtn where the entropy generation is determined from an 
entropy balance on the system, which is an adiabatic steady-flow device, 


c _ c 

° in ‘“'out 


+ 


gen 


= AS 




system 


= 0 


Rate of net entropy tnnsfer Rate of entropy Rate of change 
by heat and mass generation of entropy & 


rhs l - ms 2 + S gen = 0 -> S =m(s 2 -s x ) or s gen =s 2 -s 


{ R-134a 


l 



2 


i 


Substituting, 

•^destroyed = T 0 s gen = T 0 ( S 2 ~ s l) = ( 303 K)(l. 1 199 - 1. 1032)kJ/kg • K = 5.05 kJ/kg 


This process involves no actual work, and thus the reversible work and irreversibility are identical, 

■^destroyed ^rev,out ^act,out ^ ^rev,out -^destroyed 5.05 kJ/kg 

Discussion Note that 5.05 kJ/kg of work potential is wasted during this throttling process. 
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8-49 ■ fcf ™ Problem 8-48 is reconsidered. The effect of exit pressure on the reversible work and exergy destruction is to be 
investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


T_1=100"[C]" 

P_1=1000"[kPa]" 

{P_2=800"[kPa]"} 

T_o=298"[K]" 

"Steady-flow conservation of mass" 

"m_dot_in = m_dot_out" 

"Conservation of energy for steady-flow per unit mass is:" 
ejn - e_out = DELTAe 
DELTAe = 0"[kJ/kg]" 

E_in=h_1"[kJ/kg]" 

E_out= h_2 "[kJ/kg ]" 

h_1 =enthalpy(R134a,T-T_1 ,P=P_1) "[kJ/kg]" 

T_2 = temperature(R134a, P=P_2,h=h_2) "[C]" 

"Irreversibility, entropy generated, and exergy destroyed:" 
s_1 =entropy(R1 34a, T=T_1 ,P=P_1 )"[kJ/kg-K]" 
s_2=entropy(R134a,P=P_2,h=h_2)"[kJ/kg-K]" 
l=T_o*s_gen"[kJ/kg]" "Irreversiblility for the Process, KJ/kg" 
s_gen=s_2-s_1"]kJ/kg-K]" "Entropy generated, kW" 
x_destroyed = l"[kJ/kg]" 
w_rev_out=x_destroyed"[kJ/kg]" 


P 2 [kPal 

W rev. out [kJ/kfll 

^destroyed [kJ/kg] 

100 

53.82 

53.82 

200 

37.22 

37.22 

300 

27.61 

27.61 

400 

20.86 

20.86 

500 

15.68 

15.68 

600 

11.48 

11.48 

700 

7.972 

7.972 

800 

4.961 

4.961 

900 

2.33 

2.33 

1000 

-4.325E-10 

-4.325E-10 
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8-50 Heium expands in an adiabatic turbine from a specified inlet state to a specified exit state. The maximum work output 
is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 The device is adiabatic and thus heat 
transfer is negligible. 3 Helium is an ideal gas. 4 Kinetic and potential energy changes are negligible. 

Properties The properties of helium are c p = 5.1926 kJ/kg.K and R = 2.0769 kJ/kg.K (Table A-l). 

Analysis The entropy change of helium is 


T 

- s* =c n In— - R In 


p 


r, 


h 

p 


= (5.1 926 kJ/kg • K) In 
= 2.2295 kJ/kg • K 


298 K 
573 K 


(2.0769 kJ/kg • K) In 


100 kPa 
1500 kPa 


The maximum (reversible) work is the exergy difference between the 
inlet and exit states 


w rev,out“^l ^2 ^}( 5 1 ** 2 ) 

= c p(T\ - T 2 )-T 0 (s x -s 2 ) 

= (5. 1926 kJ/kg • K)(300 - 25)K - (298 K)(-2.2295 kJ/kg • K) 

= 2092k J/kg 


1500 kPa 
300°C 



There is only one inlet and one exit, and thus m x — = m . We take the turbine as the system, which is a control volume 

since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


A E 


710 (steady) 


system 


= 0 


Rate of changein internal, kinetic, 
potential, etc. energies 


E in = ^out 


mhi = W out + Q out + mh 2 


Wout = m ( h \ ->h)-Qout 
w oul =(h\ -h 2 )-q onl 


Inspection of this result reveals that any rejection of heat will decrease the work that will be produced by the turbine since 
inlet and exit states (i.e., enthalpies) are fixed. 

If there is heat loss from the turbine, the maximum work output is determined from the rate form of the exergy 
balance applied on the turbine and setting the exergy destruction term equal to zero, 


-^in ^out 

V, J 

V 

R ate o f n et ex erg y tran s fer 
by heat, work, and mass 


Y 710 (reversible) _ \y 710 (steady) _ 

— ^ destroyed — c,,ctorr ' — ^ 


Rate of exergy 
destmcticn 


system 

Rate of change 
of exergy 


^in ^out 


my/\ =W rev , 0Ut + G 0Ut 


1- 


h 

T 




w 


rev,out 


= (^l-^ 2 )-^out 


1- 


T, 


+ my/ 2 

\ 


o 

T 


= (h\ -h 2 )-T 0 (s x -s 2 )-q out 


1- 


h 

T 


Inspection of this result reveals that any rejection of heat will decrease the maximum work that could be produced by the 
turbine. Therefore, for the maximum work, the turbine must be adiabatic. 
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8-51 Air is compressed steadily by an 8-kW compressor from a specified state to another specified 
increase in the exergy of air and the rate of exergy destruction are to be determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 Kinetic and potential energy changes are 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). From the air table (Table A- 17) 


state. The 
negligible. 


7] = 290 K > h x = 290.16 kJ/kg 

s\ = 1.66802 kJ/kg-K 

T 2 = 440 K > h 2 = 441.61 kJ/kg 

s 2 =2.0887 kJ/kg-K 

Analysis The increase in exergy is the difference between the exit and 
inlet flow exergies, 

Increase in exergy = y/ 2 -y/\ 

= [(h 2 - h x ) + Ake^ +A pe^ -T 0 (s 2 -s l )] 

— Q 1 ! ~ h \ ) ~ T 0 (s 2 ~ Si ) 

where 


600 kPa 
167°C 



17°C 


s 2 — s x = (s 2 - s x ) - R In 


Pi 

P 


= (2.0887 - 1.66802)kJ/kg • K - (0.287 kJ/kg • K) In 
= -0.09356 kJ/kg • K 


600 kPa 
100 kPa 


Substituting, 


Increase in exergy =y/ 2 -y/\ 

= [(441.61- 290. 16)kJ/kg - (290 K)( -0.09356 kJ/kg • K)] 

= 178.6 kJ/kg 


Then the reversible power input is 

W rev ,in = -V\) = (2.1/60 kg/s)(178.6 kJ/kg) = 6.25 kW 

( b ) The rate of exergy destruction (or irreversibility) is determined from its definition, 
^destroyed = - ^ rev>in = 8 - 6.25 = 1.75kW 

Discussion Note that 1.75 kW of power input is wasted during this compression process. 
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8-52 



Problem 8-51 is reconsidered. The problem is to be solved and the actual heat transfer, its direction, the 


minimum power input, and the compressor second -law efficiency are to be determined. 
Analysis The problem is solved using EES, and the solution is given below. 


Function Direction$(Q) 

If Q<0 then Direction$- out' else Direction$- in' 
end 

Function Violation$(eta) 

If eta>1 then Violation$- You have violated the 2nd Law!!!!!' else Violation$=" 
end 

{"Input Data from the Diagram Window" 

T_1=17 [C] 

P_1=100 [kPa] 

W_dot_c = 8 [kW] 

P_2=600 [kPa] 

Sdotgen=0 

Qdotnet=0} 

{"Special cases" 

T_2=167 [C] 
m_dot=2.1 [kg/min]} 

T_o=T_1 

P_o=P_1 

m_dotJn=m_dot*Convert(kg/min, kg/s) 

"Steady-flow conservation of mass" 

mdotin = mdotout 

"Conservation of energy for steady-flow is:" 

E_dot_in - E_dot_out = DELTAE_dot 
DELTAE_dot = 0 

E_dot_in=Q_dot_net + m_dot_in*h_1 +W_dot_c 

"If Q_dot_net < 0, heat is transferred from the compressor" 

Edotout= m_dot_out*h_2 
hi =enthalpy(air,T=T_1) 
h_2 = enthalpy(air, T=T_2) 

Wd ot_n et= - W_d otc 

W_dot_rev=-m_dot_in*(h_2 - h_1 -(T_1+273.15)*(s_2-s_1)) 

"Irreversibility, entropy generated, second law efficiency, and exergy destroyed:" 

s_1=entropy(air, T=T_1,P=P_1) 

s_2=entropy(air,T=T_2,P=P_2) 

s_2s=entropy(air,T=T_2s,P=P_2) 

s_2s=s_1"This yields the isentropic T_2s for an isentropic process bewteen T_1, P_1 and 
P_2"l_dot=(T_o+273.15)*S_dot_gen"lrreversiblility for the Process, KW" 
S_dot_gen=(-Q_dot_net/(T_o+273.15) +m_dot_in*(s_2-s_1)) "Entropy generated, kW" 
Eta_ll=W_dot_rev/W_dot_net"Definition of compressor second law efficiency, Eq. 7_6" 
h_o=enthalpy(air,T=T_o) 
s_o=entropy(air,T=T_o,P=P_o) 

Psi_in=h_1-h_o-(T_o+273.15)*(s_1-s_o) "availability function at state 1" 
Psi_out=h_2-h_o-(T_o+273.15)*(s_2-s_o) "availability function at state 2" 

X_dot_in=PsiJn*rn_dot_in 

X_dot_out=Psi_out*m_dot_out 

DELTAX_dot=X_dot_in-X_dot_out 

"General Exergy balance for a steady-flow system, Eq. 7-47" 

(1-(T_o+273.15)/(T_o+273.15))*Q_dot_net-W_dot_net+m_dot_in*Psi_in - m_dot_out*Psi_out =X_dot_dest 
"For the Diagram Window" 

T ext$=Direction$(Q_dot_net) 

T ext2$=Violation$(Eta_l I) 
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on 

I [kW] 

x dest [kW] 

t 2s [C] 

T 2 [C] 

Qnet [kW] 

0.7815 

1.748 

1.748 

209.308 

167 

-2.7 

0.8361 

1.311 

1.311 

209.308 

200.6 

-1.501 

0.8908 

0.874 

0.874 

209.308 

230.5 

-0.4252 

0.9454 

0.437 

0.437 

209.308 

258.1 

0.5698 

1 

1.425E-13 

5.407E-15 

209.308 

283.9 

1.506 


How can entropy decrease? 





mi 
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8-53 Air is accelerated in a nozzle while losing some heat to the surroundings. The exit temperature of air and the exergy 
destroyed during the process are to be determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The nozzle operates steadily. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). The properties of air at the nozzle inlet are (Table A- 
17) 


T x = 338 K > h x = 338.40 kJ/kg 

= 1.8219 kJ/kg -K 


Analysis (a) We take the nozzle as the system, which is a control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


T^in ut 

V 

Rateofneten erg y trai s fer 
by heat, work, and mass 


Air 710 ( ste ady) 
.system 


Rate of changein internal, kinetic, 
potential, etc. energies 


K 

12 ) 



= m(h 2 + V|/2) + (?out 


or 


3 kJ/kg 



35 m/s — ► AIR — ► 240 m/s 



° = tfout +/ *2 ~ h \ 


V , 2 -V, 2 


Therefore, 


, , V 2 2 -V, 2 OOOAn 0 (240 m/s) 2 -(35 m/s)' 

h 2 = ^ ~ q out = 338.40 - 3 


1 kJ/kg 


U000 m 2 /s 2 J 


= 307.21 kJ/kg 


At this h 2 value we read, from Table A-17, T 2 = 307.0 K = 34. (PC and s 2 = 1.7251 kJ/kg • K 


(. b ) The exergy destroyed during a process can be determined from an exergy balance or directly from its definition 
^destroyed = T$S gen where th e entropy generation S gen is determined from an entropy balance on an extended system that 

includes the device and its immediate surroundings so that the boundary temperature of the extended system is T sun at all 
times. It gives 


e _ c 

u in °out 


+ 


gen 


-AS ^° - 0 

^ system u 


Rate of net entropy tnnsfer Rateof entropy Rateof change 
by heat and mass generation of entropy C 

’ Gout . o a 

ms | - ms 2 - — 1- S „ en =0 


T 

x b,surr 


Sotn =m{s 2 -Si)+ 


Q 


out 




sum 


where 


Ay a^ =^2 -^ 1 ° -Rln^- = (1.7251 - 1.8219)kJ/kg • K - (0.287 kJ/kg -K)ln 


P 


95kPa 
200 kPa 


= 0.1169 kJ/kg- K 


Substituting, the entropy generation and exergy destruction per unit mass of air are determined to be 


x — T s' — T s' 

destroyed 0 gen surr 


gen 


= Tn 


s 2 -s x + 


q 


surr 


T 


= (290 K) 


0. 1169 kJ/kg • K + 


surr J 


= 36.9kJ/kg 


3 kJ/kg N 
290 K y 
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Alternative solution The exergy destroyed during a process can be determined from an exergy balance applied on the 
extended system that includes the device and its immediate surroundings so that the boundary temperature of the extended 
system is environment temperature T 0 (or r surr ) at all times. Noting that exergy transfer with heat is zero when the 
temperature at the point of transfer is the environment temperature, the exergy balance for this steady-flow system can be 
expressed as 


^in -^out 

V J 

V 

Rate of net exergy transfer 
by heat, work, and mass 


v 

^destroyed 

X J 

V 

Rate of exergy 
destructicn 


A^system^ 0 = 0 ^destroyed = X in - X out = m y/ x - m y/ 2 = m(y / 1 - y/ 2 ) 

\ J 

V 

Rate of change 
of exergy 

m[(h x - h 2 ) - T 0 (s l - s 2 ) - A ke - A pe^°] = m[T 0 (s 2 - s^) - (/^ - h x + Ake)\ 
m[T 0 (s 2 - s l ) + q out \ since, from energy balance, - q out = - h { + A ke 


To 


m(s 2 -Sj) + 


Qout 


Tr 


~ ^O^gen 


0 J 


Therefore, the two approaches for the determination of exergy destruction are identical. 
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8-54 



Problem 8-53 is reconsidered. The effect of varying the nozzle exit velocity on the exit temperature and exergy 


destroyed is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Knowns:" 
WorkFluid$ = 'Air' 
P[1] = 200 [kPa] 
T[1] =65 [C] 

P[2] = 95 [kPa] 
Vel[1] = 35 [m/s] 
{Vel[2] = 240 [m/s]} 
T_o = 17 [C] 

Tsurr = To 
q Joss = 3 [kJ/kg] 


"Conservation of Energy - SSSF energy 

h[1]=enthalpy(WorkFluid$,T=T[1]) 

s[1]=entropy(WorkFluid$,P=P[1],T=T[1]) 

ke[1] = Vel[1] A 2/2 

ke[2]=Vel[2] A 2/2 

h[1 ]+ke[1 ]*convert(m A 2/s A 2, kJ/kg) = h[2] 

T[2]=temperature(WorkFluid$,h=h[2]) 

s[2]=entropy(WorkFluid$,P=P[2],h=h[2]) 

"The entropy generated is detemined 
from the entropy balance:" 
s[1] - s[2] - qJoss/(T_surr+273) + s_gen 
x_destroyed = (T_o+273)*s_gen 


Vel 2 [m/s] 

T 2 

[C] 

-^destroyed 

[kJ/kg] 

100 

57.66 

58.56 

140 

52.89 

54.32 

180 

46.53 

48.56 

220 

38.58 

41.2 

260 

29.02 

32.12 

300 

17.87 

21.16 


balance for nozzle -- neglecting the change in potential energy:" 


+ ke[2]*convert(m A 2/s A 2,kJ/kg)+qJoss 



Vel[2] [m/s] 



Vel[2] [m/s] 
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8-55 Steam is decelerated in a diffuser. The mass flow rate of steam and the wasted work potential during the process are to 
be determined. 

Assumptions 1 The diffuser operates steadily. 2 The changes in potential energies are negligible. 

Properties The properties of steam at the inlet and the exit of the diffuser are (Tables A-4 through A-6) 


P x = 10kPal h x =2611.2 kJ/kg 
T x = 60°C \s x = 8.2326 kJ/kg • K 


T 2 = 50°C 
sat. vapor 



= 2591.3 kJ/kg 
= 8.0748 kJ/kg K 
= 1 2.026 m 3 /kg 


Analysis (a) The mass flow rate of the steam is 



m = — A 2 V 2 = (3 m 2 )(70 m/s) = 17.46 kg/s 

v 2 12.026 m 3 /kg 


( b ) We take the diffuser to be the system, which is a control volume. Assuming the direction of heat transfer to be from the 
stem, the energy balance for this steady-flow system can be expressed in the rate form as 


^in - E out 


A E 


+0 (steady) 


system 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 


^in -^out 

m(h t + + / 2) = m(h 2 + V 2 2 /2) + £ oul 


Gout = 


h 2 -h x + 


vi -v 


2 ^ 


Substituting, 



-(17.46 kg/s) 


2591.3-2611.2 + 


(70 m/s) 2 


-(375 m/s) 2 
2 


1 kJ/kg ^ 
vlOOOm 2 /s 2 y 


= 1532 kJ/s 


The wasted work potential is equivalent to exergy destruction. The exergy destroyed during a process can be determined 
from an exergy balance or directly from its definition X deslroyed = T 0 S gen where the entropy generation S gen is determined 

from an entropy balance on an extended system that includes the device and its immediate surroundings so that the boundary 
temperature of the extended system is T surr at all times. It gives 


S'. - v 
° in °out 


+ 


gen 


= AS 


+o 


system 


= 0 


Rate of net entropy tnnsfer Rate of entropy Rate of change 
by heat and mass generation of entropy & 


ms j — ms 


Q 


out 


T 

b,surr 


t-^gen =° -> +e„ = m ( s 2 ~^l)+ 


Q 


out 


gen 


T 


sum 


Substituting, the exergy destruction is determined to be 

r x \ 


Y —TV — T 

^ destroyed -* 0° gen 1 0 


m(s 2 - ^i) + 


Gout 


T, 


0 


= (298 K) 


(17.46 kg/s)(8.0748 - 8.2326)kJ/kg • K + 


= 711. lkW 


1532 kW^j 
298 K y 
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8-56E Air is compressed steadily by a compressor from a specified state to another specified state. The minimum power 
input required for the compressor is to be determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 Kinetic and potential energy changes are negligible. 
Properties The gas constant of air is R = 0.06855 Btu/lbm.R (Table A- IE). From the air table (Table A-17E) 


T x = 520 R > h x = 124.27 Btu/lbm 


s x = 0.59173 Btu/lbm- R 

T 2 = 940 R > h 2 = 226.1 1 Btu/lbm 

s 2 = 0.73509 Btu/lbm- R 


Analysis The reversible (or minimum) power input is determined from 
the rate form of the exergy balance applied on the compressor and 
setting the exergy destruction term equal to zero, 


y _ y 

•'Mn ^out 

V J 

V 

R ate o f n et ex erg y trai s fer 
by heat, work, and mass 


y 710 (reversible) 

A destroyed 

V 

Rate of exergy 
destruction 


A Y 710 (steady) 
system 


Rate of change 
of exergy 


= 0 


100 psia 
480°F 



60°F 


Y — y 
^ in ^out 

ihy/ l + Wjj.y in = my / 2 

W rcv4n = ™(y/ 2 ~ y/i) = m[(h 2 -1\)~ T 0 (s 2 - s { ) + Ake 7 '° + Ape 7 ' 0 ] 


where 


Ai air =4 

M 

= (0.73509- 0.59173)Btu/lbm- R - (0.06855 Btu/lbm- R) In 100 pSm 

14.7 psia 

= 0.01 193 Btu/lbm- R 


Substituting, 

Vf rev in = (22/60 lbm/s)[(226. 1 1- 124.27)Btu/lbm- (520 R)(0.01 193 Btu/lbm- R)] 
= 35.1Btu/s = 49.6 hp 


Discussion Note that this is the minimum power input needed for this compressor. 
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8-57 Argon enters an adiabatic compressor at a specified state, and leaves at another specified state. The reversible power 
input and irreversibility are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
The device is adiabatic and thus heat transfer is negligible. 4 Argon is an ideal gas with constant specific heats. 


Properties For argon, the gas constant is R = 0.2081 kJ/kg.K; the specific heat ratio is k = 1.667; the constant pressure 
specific heat is c p = 0.5203 kJ/kg.K (Table A-2). 

Analysis The mass flow rate, the entropy change, and the kinetic energy change of argon during this process are 


and 


RT X (0.208 lkPa • m / kg • K)(303 K) A 3 ,, 
u \ = = ^ = 0.5255 m /kg 


P 


(120 kPa) 


m = — A 1 V 1 = 


1 


i/i 


0.5255 nr /kg 


(0.0130 m 2 )(20 m/s) = 0.495 kg/s 


So - Si = c „ In 


To 


R In 


Po 


= (0.5203 kJ/kg • K)ln - (0.2081 kJ/kg • K)ln 12 °° kPa 


303 K 


120 kPa 


= 0.02793 kJ/kg -K 


Ake = 



(80 m/s) 2 


-(20 m/s) 2 ( 1 kJ/kg ^ 

2 vlOOOm 2 /s 2 y 


3.0 kJ/kg 


1.2 MPa 
530°C 
80 m/s 



120 kPa 
30°C 
20 m/s 


The reversible (or minimum) power input is determined from the rate form of the exergy balance applied on the compressor, 
and setting the exergy destruction term equal to zero, 

Y y y ^0 (reversible) _ a y 710 (steady) _ pv 

^in — ^out — ^-destroyed — system — ^ 

^ v ^ J 

Rate of net exergy transfer Rate of exergy Rate of change 

by heat, work, and mass destructicn of exergy 

^"in — ^out 

1 + ^v.in = my/ 2 

Previn = m{y/ 2 - y/ x ) = m[{h 2 T Q {s 2 - sj + Ake + Ape 710 ] 


Substituting, 

rev, in = m[ c P (T 2 ~Ti)-T 0 (s 2 -Sj) + Ake] 

= (0. 495 kg/ s)[(0. 5203 kJ/kg • K)(530 - 30)K - (298 K)(0.02793 kJ/kg • K) + 3.0]= 126 kW 

The exergy destruction (or irreversibility) can be determined from an exergy balance or directly from its definition destroyed = 
ToSgen where the entropy generation is determined from an entropy balance on the system, which is an adiabatic steady-flow 
device, 

C _ C 4- v —AS 1 = n 

°in °out ' ° gen system 

Rate of net entropy tnnsfer Rateof entropy Rateof change 
by heat and mass generation ofentropy^ 

ms l -ms 2 + S gen = 0 -> S gen = m(s 2 - ) 

Substituting, 

^destroyed = T 0 Ms 2 - «i ) = (298 K)(0.495 kg/s)(0. 02793 kJ/kg • K) = 4.12 kW 
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8-58 Steam expands in a turbine from a specified state to another specified state. The actual power output of the turbine is 
given. The reversible power output and the second-law efficiency are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy change is negligible. 3 
The temperature of the surroundings is given to be 25 °C. 

Properties From the steam tables (Tables A-4 through A-6) 


P x = 6 MPa 
T x = 600°C 


h x = 3658.8 kJ/kg 
s x = 7. 1693 kJ/kg -K 


P 2 = 50 kPa 
T 2 = 100°C 


h 2 =2682.4 kJ/kg 
s 2 =7.6953 kJ/kg K 


Analysis ( b ) There is only one inlet and one exit, and thus m x = = m . We take the turbine as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate 
form as 


E in ~ £ out 


= AF 

L ~* Lj system 


7IQ (steady) 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

K = £out 

m(h x + V x / 2) = VT out + m(h 2 + V 2 2 / 2) 


80 m/s 
6 MPa 
600°C 


^out = m 


Substituting, 

5000 kJ/s = m 

m = 5. 156 kg/s 


h x -h 2 + 


y, 2 -To 2 



f 3650 0 ^^,(80 m/s) 2 -(140 m/s) 2 

f 1 kJ/kg V 

l 2 

1 1000m 2 /s 2 l 


100°C 
140 m/s 


The reversible (or maximum) power output is determined from the rate form of the exergy balance applied on the turbine 
and setting the exergy destruction term equal to zero, 


x [n X out X Aoc 

v 

Rate of net exergy traisfer 
by heat, work, and mass 


710 (reversible) _ 


destroyed 


= AY 


710 (steady) _ 


system 


= 0 


Rate of exergy 
destruction 


Rate of change 
of exergy 


^in ^out 


my/ x =W rewoui Fmy/ 2 


W, 


= m{y/ x ~y/ 2 ) = m[(h\ -h 2 )-T 0 (s x -s 2 )~ Ake- Ape 710 ] 


rev, out 


Substituting, 

W. 


rev, out — ^out J ^o( s l s 2 ) 

= 5000 kW - (5.156 kg/s)(298 K)(7. 1693 - 7.6953) kJ/kg • K = 5808 kW 
( b ) The second -law efficiency of a turbine is the ratio of the actual work output to the reversible work, 


>7h = 


W, 


out 


5 MW 


W rev , out 5.808 MW 


= 86.1% 


Discussion Note that 13.9% percent of the work potential of the steam is wasted as it flows through the turbine during this 
process. 
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8-59 Steam is throttled from a specified state to a specified pressure. The decrease in the exergy of the steam during this 
throttling process is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The temperature of the surroundings is given to be 25 °C. 4 Heat transfer is negligible. 


Properties The properties of steam before and after throttling are (Tables A-4 through A-6) 


P x = 7 MPal h x = 341 1.4 kJ/kg 
T x = 500°C J s x = 6.8000 kJ/kg • K 


P 2 = IMPa 



\s 2 = 7.6748 kJ/kg -K 


Analysis The decrease in exergy is of the steam is the difference between the inlet and 
exit flow exergies, 


7l l 7v’ ~7v 

Decrease in exergy =y/ j -y/ 2 = -[Ah - A ke - Ape - T 0 (ij - s 2 )] = T 0 (s 2 - .v , ) 

= (298 KK7.6748 - 6.8000)kJ/kg • K 

= 261 kJ/kg 


* 

PQ 


Steam 


1 




2 


Discussion Note that 261 kJ/kg of work potential is wasted during this throttling process. 
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8-60 C0 2 gas is compressed steadily by a compressor from a specified state to another specified state. The power input to 
the compressor if the process involved no irreversibilities is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 C0 2 is an ideal gas with constant specific heats. 


Properties At the average temperature of (300 + 450)/2 = 375 K, the constant 
pressure specific heat and the specific heat ratio of C0 2 are c p = 0.917 kJ/kg.K and 
k = 1.261 (Table A-2b). Also, c p = 0.1889 kJ/kg.K (Table A-2a). 

Analysis The reversible (or minimum) power input is determined from 
the exergy balance applied on the compressor, and setting the exergy 
destruction term equal to zero, 

y Y y- 710 (reversible) _ a y 710 (steady) _ /-» 

^in — ^out — ^destroyed — system — 

V v J V J \ J 

Rate of net exergy transfer R ate of exergy Rate of change 

by heat, work, and mass destructicn of exergy 

-^in — -^out 

my/\ + W rev , m = my/ 2 

Wn^in =m(y/ 2 -y/\) 

= m[(h 2 -h x )~ T 0 (s 2 - s { ) + Ake 710 + Ape 710 ] 


600 kPa 
450 K 



100 kPa 
300 K 


where 


^2 s \ 


77 P, 

= c„ In— — 7? In— 

P T\ P\ 

= (0.917 kJ/kg • K) ln^^ - (0. 1889 kJ/kg • K)ln 6Q ° kPa 

300 K 100 kPa 

= 0.03335 kJ/kg- K 


Substituting, 

W Kv in = (0. 2 kg/ s )[(0. 917 kJ/kg • K)(450 - 300)K- (298 K)(0. 03335 kJ/kg- K)] = 25.5kW 
Discussion Note that a minimum of 25.5 kW of power input is needed for this compressor. 
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8-61 Combustion gases expand in a turbine from a specified state to another specified state. The exergy of the gases at the 
inlet and the reversible work output of the turbine are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
The temperature of the surroundings is given to be 25 °C. 4 The combustion gases are ideal gases with constant specific 
heats. 


Properties The constant pressure specific heat and the specific heat ratio are given to be c p =1.15 kJ/kg.K and k- 1.3. The 
gas constant R is determined from 

R = c p - C{/ = c p - c p / k = c p (1 - 1 / k) = (1 . 1 5 kJ/kg • K)(l -1/1.3) = 0.265 kJ/kg • K 


Analysis (a) The exergy of the gases at the turbine inlet is simply the flow exergy, 

V? ^0 

Wi = «i -«o -ToOl -s 0 ) + — + 

where 


T P 

s } - s () = c n ln — -Rln — 

1 U I' Ji p 

= (1.15 kJ/kg • K)ln 1173 K - (0. 265 kJ/kg • K)ln 8 °° kPa 


298 K 


100 kPa 


= 1.025 kJ/kg -K 


Thus, 


800 kPa 
900°C 



650°C 


¥\ 


= (1.15 kJ/kg. K)(900 - 25)°C - (298 K)(l .025 kJ/kg • K) 4 


(100 m/s) 2 
2 


' 1 kJ/kg ' 

JOOOm 2 / s 2 y 


705.8 kJ/kg 


( b ) The reversible (or maximum) work output is determined from an exergy balance applied on the turbine and setting the 
exergy destruction term equal to zero, 


^in ^out 

V ; 

V 

R ate o f n et ex erg y tran s fer 
by heat, work, and mass 


y <P0 (reversible) 

A destroyed 

V 

Rate of exergy 
destruction 


AX, 


<P0 (steady) 


system 


Rate of change 
of exergy 


= 0 


^in ^out 

my/ x =W r iev ,out + / w^2 

Wrev.out = - ¥ 2 ) = - h) -^o( s i - s i) - Ake - Ape^ 0 ] 


where 


Ake = 



(220 m/s) 2 -(100 m/s) 2 
2 


" 1 kJ/kg ^ 

v 1000m 2 /s 2 y 


19.2 kJ/kg 


and 


^2 ^1 


Tj Pj 

= c r) In R In — 

T\ P\ 

n T/1 923 K /no^n/1 vv 400 kPa 

= (1.15 kJ/kg • K)ln (0.265 kJ/kg • K)ln 

1 173 K 800 kPa 

= -0.09196 kJ/kg -K 


Then the reversible work output on a unit mass basis becomes 

^rev.out = h i ~ h 2 +7 0<>2 -s t )-Ake = c p (T t -T 2 ) + T 0 (s 2 -Sj)-Ake 

= (1.15 kJ/kg • KX900 -650)°C + (298 K)( .-0.09196 kJ/kg • K) - 19.2 kJ/kg 

= 240. 9 kJ/kg 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



8-51 


8-62 Refrigerant- 1 34a enters an adiabatic compressor at a specified state with a specified volume flow rate, and leaves at a 
specified state. The power input, the isentropic efficiency, the rate of exergy destruction, and the second-law efficiency are 
to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Analysis (a) The properties of refrigerant at the inlet and exit states of the compressor are obtained from R-134a tables: 

T __,no r ^i=232.19kJ/kg 

-M- '-I = 0.9559 kJ/kg -K 


Vj = 1 


1 /j = 0.22577 nr /kg 


P 2 = 900 kPa 
T 2 =55°C 


h 2 = 289.99 kJ/kg 
s 2 = 0.9821 kJ/kg -K 


For the isentropic exit state, 
P 2 = 900 kPa 


s 2s =s x = 0.9559 kJ/kg -K 


h 2s =281.49 kJ/kg 


The mass flow rate of the refrigerant and the actual power input are 
</ x (0.45 / 60) m 3 /s 


m — — — 


0.22577 m /kg 


-0.03322 kg/s 


W a ct =m(h 2 -h x ) = (0.03322 kg/s)(289.99- 232. 19)kJ/kg = 1 .920kW 
(b) The power input for the isentropic case and the isentropic efficiency are 

W isen = m(h 2s -h l ) = (0.03322 kg/s)(281.49 - 232.19)kJ/kg - 1.638 kW 


*lc 


ompjsen 


j^ gg _ = 1.638kW =a8g31 = 85 3% 
W act 1 .920 kW 


(c) The exergy destruction is 

i dest = mT 0 (s 2 -s { ) = (0.03322 kg/s)(300 K)(0.9821 - 0.9559)kJ/kg • K - 0.261 2kW 
The reversible power and the second-law efficiency are 

W m , = W aci - - 1 .920 - 0.2612 - 1 .659 kW 


rev 


dest 


^/CompJI 


w. 


rev 


1.659 kW 


W M 1.920 kW 


= 0.8640 = 86.4% 
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8-63 Refrigerant- 1 34a is condensed in a refrigeration system by rejecting heat to ambient air. The rate of heat rejected, the 
COP of the refrigeration cycle, and the rate of exergy destruction are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

Analysis (a) The properties of refrigerant at the inlet and exit states of the condenser are (from R134a tables) 

P x = 700 kPa 1 h x = 288.54 kJ/kg 
7j = 50°C j s x = 0.9955 kJ/kg • K 

P 2 = 700kPal h 2 =88.82 kJ/kg 
x 2 =0 j s 2 = 0.3323 kJ/kg -K 

The rate of heat rejected in the condenser is 

q h = m R (h x -h 2 ) = (0.05 kg/s)(288.54 - 88.82)kJ/kg = 9.986kW 

(b) From the definition of COP for a refrigerator, 

COpA=>.= 6kW =1.505 
w in Q h - Q, (9.986 - 6) kW 

(c) The entropy generation and the exergy destruction in the condenser are 

S gea =m R (s 2 ~s l ) + ^ L 

1 H 

9.986 kW 

= (0.05 kg/s)(0.3323 - 0.9955) kJ/kg • K + 

298 K 

= 0.00035 17 kW/K 

X dest = r 0 5 gen = (298 K)(0. 00035 17 kJ/kg • K) = 0.1 048kW 
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8-64 Refrigerant- 1 34a is vaporized by air in the evaporator of an air-conditioner. For specified flow rates, the exit 
temperature of air and the rate of exergy destruction are to be determined for the cases of insulated and uninsulated 
evaporator. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is 0.287 kPa.m /kg.K (Table A-l). The constant pressure specific heat of air at room 
temperature is c p = 1.005 kJ/kg.K (Table A-2). The properties of R-134a at the inlet and the exit states are (Tables A-ll 
through A- 13) 


P x = 120kPa 
x x =0.3 

T 2 = 120 kP a 
sat. vapor 


h x = h f + x x h fg = 22.47 + 0.3 x 214.52 = 86.83 kJ/kg 

= s f + x x s fg = 0.09269 + 0.3(0.85520) = 0.34925 kJ/kg • K 

h 2 — ^P@i20kPa =236.99 kJ/kg 


Sn = S 


i20kPa = 0.94789 kJ/kg • K 


6 m /min AIR 


Analysis Air at specified conditions can be treated as an ideal gas with 
specific heats at room temperature. The properties of the refrigerant are 


m air = 




(lOO kPa)(6 m 3 /min 


RT 3 (o. 287 kPa- m Vkg- k)(300 K) 


= 6.969 kg/min 


(a) We take the entire heat exchanger as the system, which is a control 
volume. The mass and energy balances for this steady-flow system can 
be expressed in the rate form as: 

Mass balance ( for each fluid stream ): 

"'m “"'out = ^system 710 (Steady) = "'in = "'out ^ "'l = " J 2 = "'air and «3 = " J 4 = "' 

Energy balance (for the entire heat exchanger): 

710 (steady) _ q 



R 


^in ^out 


A F 

'-^system 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

m x h x + m 3 h 3 = m 2 h 2 + m 4 h 4 (since Q = W = Ake = Ape = 0) 
Combining the two, 

m R (h 2 -h l )= m air {h 3 -h 4 )= m. Ar c p (T 3 - T 4 ) 

m R (h 2 ~h t ) 


Solving for T 4 , T 4 = T 3 


C P 


Substituting, 


T 4 =27°C- (2kg/mln)(236 -"- 86 - 83)kJ/kg =-15.9°C = 257.1K 
(6.969 kg/min)(l .005 kJ/kg • K) 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition 2f destroyed = T 0 S 2en where the entropy generation 5 gen is determined from an entropy balance on the evaporator. 

Noting that the condenser is well-insulated and thus heat transfer is negligible, the entropy balance for this steady-flow 
system can be expressed as 



Rate of net entropy tnnsfer 
by heat and mass 



Rate of entropy 
generation 


a r. ^0 (steady) 

system 

^ J 

V 

Rate of change 
of entropy 


m x s x +m 3 s 3 -m 2 s 2 -m 4 s 4 +S gen =0 (since Q=0) 

™R S 1 +'"air S 3 ~™R S 2 + ^gen =° 
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or S gm = m R (s 2 - s, )+m air (s 4 - s 3 ) 
where 

A>° 

T P ^ T 257 1 K 

s 4 - s 3 = c p In -t--R In = c p \n— = (\ .005 kJ/kg • K) In = -0. 1550 kJ/kg • K 

T 3 P 3 T 3 300 K 

Substituting, the exergy destruction is determined to be 

^destroyed = ^O^gen = ^0 ( S 2 ~ s l ) + Wt air ( l9 4 “ 5 3 )1 

= (305 K)[(2 kg/minX0. 94789 - 0.34925)kJ/kg • K + (6.969 kg/minX- 0. 155 1 kJ/kg • K)] 
= 35.50 kJ/min = 0.592 kW 


(b) When there is a heat gain from the surroundings, the steady-flow energy equation reduces to 

Gin = ™R ( h 2 - h \ )+ ™air C p { T 4 ~ T 3 ) 

Gin ~m R (h 2 ~ h l) 


'«air C p 


Solving for T 4 , T 4 = T 3 
Substituting, 

T 2?oc t (30 kJ/min)- (2 kg/min)(236.99- 86.83) kJ/kg ^ ^ ^ 4R 
4 (6.969 kg/min)(1.005 kJ/kg K) 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = T 0 S gen where the entropy generation S gen is determined from an entropy balance on an extended system 

that includes the evaporator and its immediate surroundings. It gives 

<P0 (steady) 


c _ e 

° in ^ out 


+ 


gen 


system 


Rate of net entropy tnnsfer Rateof entropy Rateof change 

by heat and mass generation of entropy & 


Gin 


^bjn 


+ m x s j -\-m 3 s 3 -m 2 s 2 -m 4 s 4 +5 gen =0 


Gin 


Tr 


+ m R s x +m air s 3 ~m R s 2 ~m. dir s 4 + S gen =0 


or 


Sgen = ™R ( S 2 ~ )+ '«air (*4 “ *3 )“ 

1 n 


where 


T 

s 4 -s 3 =c p \n-?--Rln 


P, 


71 ' 


4 


A 


A 


= (1.005 kJ/kg -K) In 


3 1 3 

Substituting, the exergy destruction is determined to be 


261. 4K 
300 K 


= -0. 1384 kJ/kg K 


v _ t V —T 

destroyed -'O^-'gen M 


m R (s 2 - .v , ) + m air (s 4 -s 3 )~ 


On 

7k 


= (305 K) 


(2 kg/min)(0. 94789 - 0.34925 )kJ/kg • K + (6.969 kg/min)(- 0. 1384 kJ/kg • K)- 


30 kJ/min 
305 K 


= 40.99 kJ/min = 0.683 kW 
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8-65E Refrigerant- 134a is evaporated in the evaporator of a refrigeration system, the rate of cooling provided, the rate of 
exergy destruction, and the second-law efficiency of the evaporator are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

Analysis (a) The rate of cooling provided is 

q l = m(h 2 -h { ) = (0.08 lbm/s)(172. 1- 107.5)Btu/lbm= 5. 162Btu/s = 1 8,580Btu/h 

(b) The entropy generation and the exergy destruction are 

S gea = ril (s 2 -s l )-^r- 

1 L 

= (0.08 lbm/s)( 0.4225 - 0.285 1) Btu/lbm- R - , 5 - 162Btu/s 

(50 + 460) R 

= 0.0008691 Btu/s -R 

Zdest =^gen = (537 R)(0.0008691 Btu/s • R) = 0.4667Btu/s 

(c) The exergy supplied (or expended) during this cooling process is the exergy decrease of the refrigerant as it evaporates in 
the evaporator: 

X\ - X 2 = m(h x — h 2 ) — uiTq (sj — s 2 ) 

= -5.162 - (0.08 lbm/s)(537 R)(0.2851 - 0.4225) Btu/lbm- R 
= 0.7400 Btu/s 

The exergy efficiency is then 


Zi-Z 2 


= 1 - 0,4667 = 0.3693 = 36.9% 
0.7400 
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8-66 A rigid tank initially contains saturated liquid of refrigerant- 134a. R-134a is released from the vessel until no liquid is 
left in the vessel. The exergy destruction associated with this process is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. It can be 
analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 


Properties The properties of R-134a are (Tables A-l 1 through A- 13) 


T x = 24°C 
sat. liquid 


T 2 = 24°C 
sat. vapor 


v x — v f @ 24°c = 0.0008260m 3 /kg 
y u x = u j @ 24°c = 84.44 kJ/kg 
s x — s f @ 24 °c =0-3 1959 kJ/kg • K 

</ 2 ={/ g @ 24 °c = 0.031869 m 3 / kg 
u 2 = ^ @ 24 °c — 243. 13 kJ/kg 
s 2 ~ s e =s g@ 24 °c =0.92107 kJ/kg -K 
h e —hg@ 24 °c = 263. 72 kJ/kg 


Analysis The volume of the container is 


V = m x v x = (1 kg)(0.0008260 m 3 /kg) = 0.0008260 m 3 



m e 


The mass in the container at the final state is 


V 0.0008260 m 


Wo = 


2 v 2 0.031869 m 3 /kg 


= 0.02592 kg 


The amount of mass leaving the container is 

m e = m x — m 2 = 1 — 0.02592 = 0.9741 kg 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 

definition X destroyed = r 0l S gen . The entropy generation S gen in this case is determined from an entropy balance on the system: 


^in 3* put + ^ gen ^system 

Net entropy tnnsfer Entropy Change 
by heat and mass generation in entropy 

~ m e s e + ^gen = ^tank = ( m 2 s 2 _m l 5 l)tank 

5 gen =rn 2 s 2 -m x s x +m e s e 

Substituting, 

* destroyed = ^gen =T 0 (m 2 S 2 - J 

= (297 K)(0. 02592 x 0.92107 - 1 x 0.3 1959 + 0.9741 x 0.92107) 

=179kJ 
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8-67E An adiabatic rigid tank that is initially evacuated is filled by air from a supply line. The work potential associated 
with this process is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. It can be 
analyzed as a uniform-flow process since the state of fluid entering the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm-R, k= 1.4, and R = 0.06855 Btu/lbm-R = 
0.3704 kPa-m 3 /lbm-R (Table A-2Ea). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


m m m out system 


m i ~ m 


Energy balance : 


r r _ AC 1 

^in ^out — z - vc 'system 

V V ' . V V ' 

Net energy trmsfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

m,h t = m 2 u 2 


Combining the two balances'. 


Air 


150 psia, 90°F 



1^ = u 2 


c 


*c p T t = cj 2 


= — T: =kT ; 
c. 


Substituting, 

T 2 = kT i = (1.4)(550 R) = 770 R 
The final mass in the tank is 


m 2 = m i 


PV 

~RT 2 


(150psia)(40ft 3 ) 

(0.3704 psia • i 3 /lbm- R)(770 R) 


21.04 lbm 


The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction 
during a process can be determined from an exergy balance or directly from its definition X destroyed = T 0 S gen . The entropy 

generation S gen in this case is determined from an entropy balance on the system: 

system 

V. J 

V 

Change 
in entropy 

A5 tank = m 2 S 2 

m 2 s 2 -m i s i 
m 2 (s 2 —Sj) 


c _ e 

° in ‘-’out 

+ ^ gen 

V 

Net entropy transfer 

Entropy 

by heat and mass 

generation 

m 

: S : + S'.™ = 

i i gen 


e 

*^gen 


s 


gen 


Substituting, 


r 


^rev ^destyroyed ^2-^0 (^2 ) ^2^0 


To 


\ 


c D In 

C r r 

V L i J 


= (21.04 lbmX540 R) 

-917Btu 


(0.240 Btu/lbm-R)ln 


770 R 
550 R 
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8-68E An rigid tank that is initially evacuated is filled by air from a supply line. The work potential associated with this 
process is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. It can be 
analyzed as a uniform-flow process since the state of fluid entering the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm-R and R = 0.06855 Btu/lbm-R = 0.3704 
kPa m 3 /lbm R (Table A-2Ea). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance: m in - m out = Am system —> m i =m 2 


Energy balance : 


^in ^out — ^'system 

' V ' ' l 

Net energy traisfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

m,h t -Q oul =m 2 u 2 

Q oa t= m i h i- m 2 u 2 


Combining the two balances : 

Gout= m 2<A- -U 2 ) 


The final mass in the tank is 



PV (150psia)(40ft 3 ) onic1u 

m 2 = ni: = = = 29.45 lbm 

RT 2 (0.3704psia • ft 3 /lbm- R)(550R) 

Substituting, 

2 ou t = m 2 (hi -u 2 ) = m 2 (CpTi -c v T i ) = m 2 T i (c p -c v ) = m 2 T i R 
= (29.45 lbm)(550 R)(0.06855 Btu/lbm- R) 

= 1110Btu 


The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction 
during a process can be determined from an exergy balance or directly from its definition 2f destroyed = T 0 S gen . The entropy 

generation S gen in this case is determined from an entropy balance on the system: 


Sj n ^out + ^ gen ^system 

Net entropy tens fer Entropy Change 

b y h eat an d mas s g en eratio n in en tro p y 


m i s i 


^out 


Tr 


+ ^ gen ~ AS tank ~ m 2 s 2 


Sgen =m 2 s 2 -m iSi + 


Q 


out 


Tr 


Sgen =m 2 (s 2 -s i ) + 


Q 


out 


Tr 


Noting that both the temperature and pressure in the tank is same as those in the supply line at the final state, substituting 
gives, 


W = X — T 

"rev destroyed 0 


m 2 (s 2 - Si) + 


^out 


Tr 


— Tn 


0 + 


Qout 


T 


— Tr 


r Q " 


0 J 


-out 


V T 0 J 


= Q 


out 


= 1110 Btu 
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8-69 Steam expands in a turbine steadily at a specified rate from a specified state to another specified state. The power 
potential of the steam at the inlet conditions and the reversible power output are to be determined. 


8-59 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The temperature of the surroundings is given to be 25 °C. 


Properties From the steam tables (Tables A-4 through 6) 


P x =l MPal/q = 3650.6 kJ/kg 
T x = 600°C J s x = 7.0910 kJ/kg • K 


P 2 = 50kPa ]h 2 =2645.2 kJ/kg 
sat. vapor j s 2 = 7.593 1 kJ/kg • K 


P 0 = 100 kPa 1 h 0 = h f @ 25 o C = 104.83 kJ/kg 
7 q = 25°C Sq — @ 25 °c = 0.36723 kJ/kg • K 


Analysis {a) The power potential of the steam at the inlet conditions is 
equivalent to its exergy at the inlet state, 


7 MPa 
600°C 



sat. vapor 


m = m\j/ x = m 


V, 


.«P0 


h \ - h Q ~ T o( S l ~ s 0 ) + + 


<£ 0 


= m(h x - h ( 


= (1 8,000/ 3600 kg/s)[(3650. 6 - 104.83)kJ/kg - (298 K)(7.0910 

= 7710 kW 


^o(^i *o)) 

- 0.36723)kJ/kg • K] 


(b) The power output of the turbine if there were no irreversibilities is the reversible power, is determined from the rate 
form of the exergy balance applied on the turbine and setting the exergy destruction term equal to zero, 


y _ y 

^in ^out 

X j 

V 

R ate o f n et ex erg y trai s fer 
by heat, work, and mass 


y 710 (reversible) 

A destroyed 

y j 

v 

Rate of exergy 
destruction 


A Y 710 (steady) 
^'-system 

V J 

V 

Rate of change 
of exergy 


= 0 


Y — Y 
^ in ^out 

in y/ x = vf reVj0 ut + >iiy / 2 

WWout = ~ Vi ) = '«Pi -lb)- - s 2 ) - Ake 7K) - Ape 710 ] 


Substituting, 

rev, out = -hl)~ T 0 Ol - *2 )1 

= (15,000/3600 kg/s)[(3650.6 - 2645.2) kJ/kg - (298 K)(7.0910 - 7.5931) kJ/kg • k] 

= 5775 kW 
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8-70E Air is compressed steadily by a 400-hp compressor from a specified state to another specified state while being 
cooled by the ambient air. The mass flow rate of air and the part of input power that is used to just overcome the 
irreversibilities are to be determined. 


Assumptions 1 Air is an ideal gas with variable specific heats. 2 Potential energy changes are 
negligible. 3 The temperature of the surroundings is given to be 60 °F. 

Properties The gas constant of air is R = 0.06855 Btu/lbm.R (Table A- IE). From the air table (Table A-17E) 


7j = 520 R 


} 


h x = 124.27 Btu/lbm 
s x =0.59173 Btu/lbm- R 


T 2 = 1080 R 


} 


h 2 = 260.97 Btu/lbm 
s 2 = 0.76964 Btu/lbm- R 


Analysis {a) There is only one inlet and one exit, and thus m x =m 1 =rn- 

We take the actual compressor as the system, which is a control volume. 
The energy balance for this steady-flow system can be expressed as 



v 

Rate of net energy transfer 
by heat, work, and mass 


A E B 


7IQ (steady) 


system 


= 0 


Rate of changein internal, kinetic, 
potential, etc. energies 


^in — -^out 


350 ft/s 


150 psia 
620°F 



W^in + m(h x + V x / 2) = m(h 2 + V 2 / 2) + Q out -> W a - in - Q out = m 


h 2 ~ h \ 


W, 2 -V,+ 


Substituting, the mass flow rate of the refrigerant becomes 


(400 hp) 


^0.7068Btu/s^ 


lhp 


- (1500/ 60 Btu/s) = mi 


260.97-124.27 + 


(350 ft/s) 2 -0 1 Btu/lbm A 

2 25,037ft 2 /s 2 


It yields 

m = 1.852 lbm/s 


(b) The portion of the power output that is used just to overcome the irreversibilities is equivalent to exergy destruction, 
which can be determined from an exergy balance or directly from its definition ^destroyed - ^o^gen where the entropy 

generation S gen is determined from an entropy balance on an extended system that includes the device and its immediate 
surroundings. It gives 


c _ c 

u in ^out 


+ 


gen 


— AS - 0 

^system u 


Rate of net entropy tansfer Rate of entropy Rate of change 
by heat and mass generation of entropy * 


ms i — ms 


Q 


out 


T 

x b, sun- 


gen 


= 0 -> S„ cn =m{s 2 -Sj)+ 


Q 


out 


Tr 


where 


s 2 -Si =S° -Rln— = (0.76964-0.59173) Btu/lbm- (0.06855 Btu/lbm. R)ln 

P\ 


Pn 


150 psia 
15 psia 


= 0.02007 Btu/lbm.R 


Substituting, the exergy destruction is determined to be 


-^destroyed ^O^gen ^0 


m(s 2 - 5j) + 


Q 


out 


Tn 


= (520 R) 


(1.852 lbm/s)(0.Q2007 Btu/lbm- R) + 


1500/60Btu/s 
520 R 


lhp 


0.7068 Btu/s 


= 62.72hp 
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8-71 Hot combustion gases are accelerated in an adiabatic nozzle. The exit velocity and the decrease in the exergy of the 
gases are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 3 
The device is adiabatic and thus heat transfer is negligible. 4 The combustion gases are ideal gases with constant specific 
heats. 

Properties The constant pressure specific heat and the specific heat ratio are given to be c p =1.15 kJ/kg.K and k= 1.3. The 
gas constant R is determined from 

R = Cp — C{/ =c p -c p / k =c p (l-l/ k) = (1.15 kJ/kg *K)(1 -1/1.3) = 0.2654 kJ/kg-K 


Analysis (a) There is only one inlet and one exit, and thus m l =m 2 =m. We take the nozzle as the system, which is a 
control volume. The energy balance for this steady-flow system can be expressed as 

710 (steady) 


E m ~ E out 


= A E 


system 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

E in = E out 

m{h x + V x / 2) = m(h 2 + V|/2) (since W = Q = Ape = 0) 


h 2 = h x 


Vi ~V \ 2 


230 kPa 
627°C 
60 m/s 


Comb. 

gases 


70 kPa 
450°C 


Then the exit velocity becomes 




\ 


2(1.15 kJ/kg • K)(627 - 450)K 


^1000 m 2 /s 2 ^ 
lkJAkg 


+ (60 m/s) 


= 641 m/s 


( b ) The decrease in exergy of combustion gases is simply the difference between the initial and final values of flow exergy, 
and is determined to be 


¥\ -Vi = =h -h 2 -Ake-Ape +T 0 (s 2 -s l )=c„(T l ~T 2 ) + T 0 (s 2 -^)-Ake 


where 


2 t t 2 


Ake = 


V 2 - V x (641 m/s) - (60 m/s) z 1 kJ/kg 


U000m 2 /s 2 ; 


= 203.6 kJ/kg 


and 


^2 ^1 


t 2 p 2 

= c„ln — - /?ln — 


p 


r, 


p 


= (1.15 kJ/kg-K) In 
= 0.06386 kJ/kg-K 


723 K 
900 K 


(0.2654 kJ/kg • K) In 


70kPa 
230 kPa 


Substituting, 

Decrease in exergy = y/ x -y/ 2 

= (1.15 kJ/kg • K)(627 - 450)°C + (293 K)(0.06386 kJ/kg • K) - 203.6 kJ/kg 

= 18.7kJ/kg 
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8-72 Steam is accelerated in an adiabatic nozzle. The exit velocity of the steam, the isentropic efficiency, and the exergy 
destroyed within the nozzle are to be determined. 

Assumptions 1 The nozzle operates steadily. 2 The changes in potential energies are negligible. 

Properties The properties of steam at the inlet and the exit of the nozzle are (Tables A-4 through A-6) 


P x = 7 MPa 
T x = 500°C 


P 2 =5 MPa 
T 2 = 450°C 

P 2j =5MPa 

^2.9 = s l 


h x = 341 1.4 kJ/kg 
s x = 6.8000 kJ/kg-K 

h 2 = 3317.2kJ/kg 
* s 2 = 6.8210 kJ/kg -K 

h 2s = 3302.0 kJ/kg 


7 MPa 
500°C 
70 m/s 



5 MPa 
450°C 


Analysis ( a ) We take the nozzle to be the system, which is a control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


E in ~ £ out 


= A F 

system 


710 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

K = £out 

m(h x + V X / 2) = m(h 2 + V 2 /2) (since W = Q = Ape = 0) 


0 — h 2 - h x 

Then the exit velocity becomes 

V 2 = -7 2(/7 2 -/i 2 )+v l 2 = 


V 2 2 -V! 2 


2(341 1.4 -33 17.2) kJ/kg 


^1000 m 2 /s 2 ^ 
lkJ/kg 


+ (70 m/s) 2 = 439.6 m/s 


( b ) The exit velocity for the isentropic case is determined from 
V 2j = yjlih, -/7 2s ) + V 2 = 


\ 


2(341 1.4 -3302.0) kJ/kg 


^1000 m 2 /s 2 N 
TkJ/kg 


+ (70 m/s) 2 =472.9 m/s 


Thus, 


Vi 12 (439.6 m/s) 2 / 2 ^ ^ 

Vn ~ 7 — 7 — 86.4% 

V 2s l 2 (472.9 m/s) 2 / 2 

(c) The exergy destroyed during a process can be determined from an exergy balance or directly from its 

definition ^destroyed - T 0 S gen where the entropy generation S gen is determined from an entropy balance on the actual nozzle. It 

gives 


^in ^out 


+ 


gen 


system 


= 0 


Rate of net entropy transfer Rate of entropy Rate of change 

by heat and mass generation of entropy * 


ms l ~ms 2 +S geD = 0 -> S gea =m(s 2 -5,) 


or i gen= i 2-^l 


Substituting, the exergy destruction in the nozzle on a unit mass basis is determined to be 
-^destroyed = V’gen = T o( s 2 ~ s i) = (298 K)(6. 8210 -6.8000 )kJ/kg- K = 6.28 kJ/kg 
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8-73 Air is compressed in a steady-flow device isentropically. The work done, the exit exergy of compressed air, and the 
exergy of compressed air after it is cooled to ambient temperature are to be determined. 


8-63 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The process is given to be reversible 
and adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply. 3 The environment temperature and 
pressure are given to be 300 K and 100 kPa. 4 The kinetic and potential energies are negligible. 


Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). The constant pressure specific heat and specific heat 
ratio of air at room temperature are c p = 1.005 kJ/kg.K and k = 1.4 (Table A-2). 


Analysis (a) From the constant specific heats ideal gas isentropic relations, 

\ 0 . 4 / 1.4 


T 2 = T l 


\(*-l )/* 
V p i 7 


= (300KJ 


800 kPa 


\100 kPa 


= 543.4 K 


For a steady-flow isentropic compression process, the work input is determined from 

"w» =jr [W'#" 0 " -i} 

. ( 1 .4K0.2S7kJ/kg.K)(300K) > 

1.4-1 1 j 

= 244.5kJ/kg 


0.8 MPa 

^2 = ^1 



300 K 


(. b ) The exergy of air at the compressor exit is simply the flow exergy at the exit state, 


T 7 2 ^ 

r 9 • 

y / 2 = h 2 — h Q —Tq(s 2 -s 0 ) H + gz 2 (since theproccess 0-2isisentropic) 

2 

= c p (? 2 _7 o) 

= (1 .005 kJ/kg.K)(543.4 - 300)K = 244.7kJ/kg 


which is practically the same as the compressor work input. This is not surprising since the compression process is 
reversible. 

(c) The exergy of compressed air at 0.8 MPa after it is cooled to 300 K is again the flow exergy at that state, 




7l l 


^ 3 -/i 3 h 0 T 0 (s 3 ^ 0 ) + -— + gz 3 


71' 


71 l 


= 0 ^-^)'' -T 0 (s 3 -s 0 ) (since T 3 = T 0 = 300 K) 
“ “^0(^3 _ ^o) 


where 


7; 


7v 


P, 


P, 


s 3 -s 0 =c p ln^f -R\n^- = -R\n-^~ = -(0.287 kJ/kg • K)ln 


T, 


P, 


Pn 


800 kPa 
100 kPa 


= -0.5968 kJ/kg.K 


Substituting, 

y / 3 = -(300 K) (-0.5968 kJ/kg. K) = 1 79 kJ/kg 

Note that the exergy of compressed air decreases from 245 to 179 kJ/kg as it is cooled to ambient temperature. 
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8-74 A rigid tank initially contains saturated liquid water. A valve at the bottom of the tank is opened, and half of mass in 
liquid form is withdrawn from the tank. The temperature in the tank is maintained constant. The amount of heat transfer, the 
reversible work, and the exergy destruction during this process are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be 
verified). 


Properties The properties of water are (Tables A-4 through A-6) 

3 


r, = i70°c 
sat. liquid 

T e = 170°C 
sat. liquid 


=l/ /@170“C =0 ' 001114m /k § 

«1 = 718.20 kj/kg 


s x = s 


/ @ 1 70° C 

= 2.0417 kJ/kg -K 


/@170 C 

h —h 

e /@170°C 


= 719.08 kJ/kg 


^ = s f@no'c = 2.0417 kJ/kg -K 



Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


_m out = ^system m e = m \ ~ m 2 


Energy balance : 


^in ^out 


A E 


system 


Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential,etc. energies 

<2in = m e h e + m 2 u 2 — m x u x (since W = ke = pe = 0) 
The initial and the final masses in the tank are 


V 


0.6 m 


m, = — = 


= 538.47 kg 


m 


v x 0.001 1 14 m'/kg 

= - m x = I (538.47 kg) = 269.24 kg = m t 
2 2 


Now we determine the final internal energy and entropy, 


V 


Vn = 


x 2 = 


0.6m j 'i 

= 0.002229 m 3 /kg 


m 2 269.24 kg 


^2 0.002229-0.001114 


= 0.004614 


(/ 


fg 


T 2 = 170°C 
x 2 =0.004614 


0.24260-0.001114 
u 2 =u f +X 2 u fg = 718.20 + (0.004614)(1857.5) = 726.77 kj/kg 
fs 2 =s f +X 2 s fg =2.0417 + (0.004614X4.6233) =2.0630 kj/kg -K 


The heat transfer during this process is determined by substituting these values into the energy balance equation, 


Gin =m e h e +m 2 u 2 -m x u x 

= (269.24 kg)(719.08 kJ/kg)+ (269.24 kgX726.77 kj/kg)- (538.47 kg)(718.20 kj/kg) 

= 2545kJ 


( b ) The exergy destroyed during a process can be determined from an exergy balance or directly from its 

definition X destroyed = T 0 5 gen . The entropy generation 5gen in this case is determined from an entropy balance on an extended 

system that includes the tank and the region between the tank and the source so that the boundary temperature of the 
extended system at the location of heat transfer is the source temperature T source at all times. It gives 
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^in ^out ^gen ^^system 

Net entropy tens fer Entropy Change 

byheatandmass generation in entropy 


Gin 


^bjn 


m e s e + 5 gen = A5 ta„k = ( m 2 s 2 ~ m l s 0unk 


5 gen = m 2 s 2 ~ m l s l + m e S e 


Gin 


T. 


source 


Substituting, the exergy destruction is determined to be 


^destroyed ^O^gen ^0 


m 2 s 2 —m x s x + m e s t 


Qin 


T. 


source 


= (298 K) [269.24 x 2.0630 - 538.47 x 2.0417 + 269.24x 2.0417 - (2545 kJ)/(523 K)] 

= 141.2 kj 

For processes that involve no actual work, the reversible work output and exergy destruction are identical. Therefore, 


x , , = W -W 

^destroyed rr rev, out rr act, out 


W = X , 

r r rev, out destroyed 


= 141.2kJ 
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8-75 A rigid tank initially contains saturated liquid-vapor mixture of refrigerant- 134a. A valve at the bottom of the tank is 
opened, and liquid is withdrawn from the tank at constant pressure until no liquid remains inside. The final mass in the tank 
and the reversible work associated with this process are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. It can be 
analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be 
verified). 


Properties The properties of R-134a are (Tables A-l 1 through A- 13) 

P x = 800 kPa -> v f = 0.0008457 m 3 /kg, v g = 0.025645 nr 3 /kg 

u f = 94.80 kJ/kg, u g = 246.82 kJ/kg 
s f =0.35408 kJ/kg. K, s g = 0.91853 kJ/kg.K 


P 2 = 800 kPa 
sat. vapor 

P e = 800 kPa 
sat. liquid 


' u 2 ~ ^ g @ 800kPa =0.025645 nr /kg 
> u 2 =u g@ sookPa = 246. 82 kJ/kg 
s 2 = s g @800kPa = 0.91853 kJ/kg • K 

h e =hf@ gookPa =95.48 kJ/kg 
s e = ^/@8ockPa = 0.35408 kJ/kg.K 



Analysis (b) We take the tank as the system, which is a control volume. Noting that the microscopic energies of flowing and 
nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the mass and energy balances for this 
uniform-flow system can be expressed as 

Mass balance: m in — m out = Am system — > m e = m x — m 2 


Energy balance : 


^in ^out — ^^system 

V v ' . V v ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Q m = m e h e + m 2 u 2 -m x u x (since W = ke = pe = 0) 


The initial mass, initial internal energy, and final mass in the tank are 


Uf V. 


0. lx 0.3 m 3 


m x = nif + m g = h 


+ 


0. lx 0.7 m 3 


1/ 


/ 


l/. 


0.0008457 m 3 / kg 0.025645 m 3 / kg 


= 35.472 + 2.730 = 38.202 kg 


U i = m l u l = mjrUf + m g u g = 35.472 x 94.80 + 2.730 x 246.82 = 4036.4 kJ 
S x =m x s x =m f s f + m g s g = 35.472 x 0.35408 + 2.730 x 0.91853 = 15.067 kJ/K 


V 


0.1m 


nu = 


2 v 2 0.025645 m 3 /kg 


= 3.899 kg 


Then from the mass and energy balances, 

m e = m x - m 2 = 38.202 - 3.899 = 34.30 kg 


Q m = (34.30 kg)(95.48 kJ/kg) + (3.899 kg)(246. 82 kJ/kg) - 4036.4 kJ = 201.0 kJ 

(b) This process involves no actual work, thus the reversible work and exergy generation are identical since 
X , , = W -W — > W — x a 

^destroyed rr rev, out ry act,out 7 rr rev, out ^destroyed’ 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = T 0 S gen . The entropy generation .Sgen in this case is determined from an entropy balance on an extended 

system that includes the tank and the region between the tank and the heat source so that the boundary temperature of the 
extended system at the location of heat transfer is the source temperature T sou rce at all times. It gives 
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^in ^out ^gen ^^system 

Net entropy tons fer Entropy Change 

byheatandmass generation in entropy 


Gin 


^bjn 


m e s e + 5 gen = A5 ta„k = ( m 2 s 2 ~ m l s 0v d nk 


5 gen =m 2 s 2 ~m v s x +m e s e 


Gin 


T. 


source 


Substituting, 


W — V — T C — T* 

vv rev, out ^destroyed x 0* J gen x 0 


m 2 s 2 ~ m x s x + m e s e - 


Q 


in 


T 


source 


= (298 K)[3.899 x 0.91853 - 15.067 + 34.30 x 0.35408 

= 16.85 kj 


That is, 16.85 kJ of work could have been produced during this process. 


201.0/333)' 
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8-76E An insulated rigid tank equipped with an electric heater initially contains pressurized air. A valve is opened, and air is 
allowed to escape at constant temperature until the pressure inside drops to 20 psia. The amount of electrical work done and 
the exergy destroys are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air remains constant. 2 Kinetic and 
potential energies are negligible. 3 The tank is insulated and thus heat transfer is negligible. 4 Air is an ideal gas with 
variable specific heats. 5 The environment temperature is given to be 70°F. 

Properties The gas constant of air is R = 0.3704 psia.ftVlbm.R (Table A-1E). The properties of air are (Table A-17E) 


r = 640 R 


->h e = 153.09 Btu/lbm 


T x = 640 R >u x = 109.21 Btu/lbm T 2 = 640 R >u 2 = 109.21 Btu/lbm 

Analysis We take the tank as the system, which is a control volume. Noting that the microscopic energies of flowing and 
nonflowing fluids are represented by enthalpy h and internal energy u, respectively, the mass and energy balances for this 
uniform-flow system can be expressed as 
Mass balance : 


m m m out Am syst em 


m e — m x — m 


Energy balance : 

E.„ -E 


in 


out 


A E 


system 


Net energy transfer 
by heat, work, and mass 


Changein internal, kinetic, 
potential, etc. energies 


W e , in - m e h e = m 2 u 2 - m x ii x (since Q = ke = pe = 0) 
The initial and the final masses of air in the tank are 

(40psia)(260 ft 3 ) 


m, = 


py 


RT\ (0.3704 psia • i 3 /lbm- R)(640 R) 


= 


P 2 V 


(20 psia)(260 ft 3 ) 


RT 2 (0.3704 psia • ft 3 /lbm • R)(640 R) 


= 43.86 lbm 


= 21.93 lbm 


Then from the mass and energy balances, 


m e =m x —m 2 =43.86 — 21.93 = 21. 93 lbm 
W e ,in =m e h e +m 2 u 2 -m x u x 



= (21.93 lbm)(153.09 Btu/lbm) + (21.93 lbm X109.21 Btu/lbm)- (43.86 lbm)(109.21 Btu/lbm) 

= 962Btu 


( b ) The exergy destroyed during a process can be determined from an exergy balance or directly from its 

definition X destroyed = T 0 5 gen where the entropy generation S gen is determined from an entropy balance on the insulated tank. 

It gives 

^in ~ ^ out ^ gen — ^^"system 

Net entropy tnnsfer Entropy Change 
by heat and mass generation in entropy 

~ m e s e + ^gen = ^tank = ( m 2 s 2 ~ m l s 0tank 

s gen =m 2 s 2 -m x s x + m e s e 

= m 2 s 2 -m x s j + (m x —m 2 )s e 
- m 2 (s 2 -s e )-m l (s l -s e ) 

Assuming a constant average pressure of (40 + 20) / 2 = 30 psia for the exit stream, the entropy changes are determined to be 

Sn -s, = c„ In— /? In — = —(0.06855 Btu/lbm- R) In — = 0.02779 Btu/lbm- R 

p T e P e 30 psia 

7)0 

5 , -5, =c_ In— /? In— = —(0.06855 Btu/lbm- R)ln^— = -0.01972 Btu/lbm- R 

p T e P e 30 psia 

Substituting, the exergy destruction is determined to be 

^destroyed — ^O^gen — ^0 \P^2 (^2 — ^ e ) — ^1 ( l ^l — ^ e )] 

= (530 R)[(21.93 lbm)(0.02779 Btu/lbm- R) - (43.86 lbm)(-0.01972 Btu/lbm- R)] = 782 Btu 
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8-77 A cylinder initially contains helium gas at a specified pressure and temperature. A valve is opened, and helium is 
allowed to escape until its volume decreases by half. The work potential of the helium at the initial state and the exergy 
destroyed during the process are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process by using constant average properties for the helium leaving the tank. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions involved other than boundary work. 4 The tank is 
insulated and thus heat transfer is negligible. 5 Helium is an ideal gas with constant specific heats. 

Properties The gas constant of helium is R = 2.0769 kPa.m Vkg.K = 2.0769 kJ/kg.K. The specific heats of helium are c p = 
5.1926 kJ/kg.K and c„ = 3.1 156 kJ/kg.K (Table A-2). 

Analysis (a) From the ideal gas relation, the initial and the final masses in the cylinder are determined to be 

py (200 kP a)(0. 12m 3 ) 

m, = = Q = 0.03944 kg 

RT X (2.0769 kPa • m 3 /kg • K)(293 K) 

m e = m 2 — m x / 2 = 0.03944/ 2 = 0.01972kg 

The work potential of helium at the initial state is simply the initial exergy of 
helium, and is determined from the closed-system exergy relation, 

(Dj =m x (j) = m x [(u x —u 0 ) — T 0 (s x -j 0 ) + P 0 (i/ 1 -</ 0 )] 

where 


Helium 

200 kPa /■Q 
0.12 m 3 *' 
20°C — 


., = ^ = ( 2 - 0769kPa - m /k g -K) (293 K) = 3 Q43 m3/kg 


P 


200 kPa 


RT 0 (2.0769 kPa • m 3 /kg • K)(293 K) 3/1 

«/ 0 = = = 6.406 m /kg 


P 


o 


95 kPa 


and 


P 


P 


s x - s n = c n In R In — 

1 ° P T 0 P Q 


= (5.1926 kJ/kg-K) In 
= -1.546 kJ/kg-K 


293 K 
293 K 


(2.0769 kJ/kg • K) In 


200 kPa 
95 kPa 


Thus, 

Oj = (0.03944 kg){ (3. 1 156 kJ/kg • K)(20 - 20)°C - (293 K)(-1.546 kJ/kg • K) 

+ (95 kPa)(3.043 - 6.406)m 3 /kg[kJ/kPa • m 3 ] } 

= 5.27 kj 

( b ) We take the cylinder as the system, which is a control volume. Noting that the microscopic energies of flowing and 
nonflowing fluids are represented by enthalpy h and internal energy u , respectively, the mass and energy balances for this 
uniform-flow system can be expressed as 

Mass balance : 


m in _m out = ^system m e = m \ ~ m 2 


Energy balance : 

^in — ^out — ^^system 

' V / . V V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Sin ~m e h e +W bin = m 2 u 2 -m x u x 


Combining the two relations gives 
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2in = ( m i -m 2 )h e +m 2 u 2 -m x u x -W b - n 
= (m x —m 2 )h e +m 2 h 2 — m x h x 
— (m x —m 2 +m 2 -m x )h x 
= 0 


since the boundary work and AU combine into AH for constant pressure expansion and compression processes. 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = T 0 S gen where the entropy generation can be determined from an entropy balance on the cylinder. 

Noting that the pressure and temperature of helium in the cylinder are maintained constant during this process and heat 
transfer is zero, it gives 



Net en tro p y tnn s fer 
by heat and mass 


e = AS 

^gen ^system 

Entropy Change 
generation in entropy 


m e S e + ^ gen ” ^cylinder “ ( m 2 S 2 m \ S \ ) cylinder 

5gen =m 2 s 2 -m x s x +m e s e 

= m 2 s 2 - m x s x + (m x —m 2 )s e 
= (m 2 — m x +m x -m 2 )s x 


= 0 

since the initial, final, and the exit states are identical and thus s e = s 2 = s x . Therefore, this discharge process is reversible, 
and 


y — t S 

^destroyed -*0* J gen 


= o 
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8-78 An insulated cylinder initially contains saturated liquid-vapor mixture of water. The cylinder is connected to a supply 
line, and the steam is allowed to enter the cylinder until all the liquid is vaporized. The amount of steam that entered the 
cylinder and the exergy destroyed are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 The expansion process is 
quasi-equilibrium. 3 Kinetic and potential energies are negligible. 4 The device is insulated and thus heat transfer is 
negligible. 

Properties The properties of steam are (Tables A-4 through A-6) 


P x = 300 kPa h x = hj + x x hf q = 561.43 + 0.8667 x 2163.5 = 2436.5 kJ/kg 

jcj =13/15 = 0.8667 J s x =s f + x x s fg = 1.6716 + 0.8667 x 5.3200 = 6.2824 kJ/kg • K 


7*2 — 300 kP a h 2 — fi@3ookPa —2724.9 kJ/kg 
sat. vapor \ s 2 = s g@300k?a =6.9917 kJ/kg • K 


Pi =2MPal ^ =3248.4 kJ/kg 
Ti = 400°C J s t = 7. 1292 kJ/kg • K 

Analysis (a) We take the cylinder as the system, which is a control volume. 
Noting that the microscopic energies of flowing and nonflowing fluids are 
represented by enthalpy h and internal energy u , respectively, the mass and 
energy balances for this unsteady-flow system can be expressed as 

Mass balance: m in — m out = Ara system —> m i =m 2 —m x 



Energy balance : 

fin ~ ^out “ ^^system 

Net energy traisfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

m j h i = W hout + m 2 u 2 - m x u x (since Q = ke = pe = 0) 
Combining the two relations gives 0 = W h out - ( m 2 - m x )h t + m 2 u 2 - m x u x 
or, 0 = — (m 2 — m x )h t + m 2 h 2 — m x h x 


since the boundary work and AU combine into AH for constant pressure expansion and compression processes. Solving for 
m 2 and substituting, 


m 2 = 


K zh 

^ -h 2 


m x 


(3248.4 - 2436.5)kJ/kg , ^ 

(15 kg) = 23.27 kg 

(3248.4 - 2724.9)kJ/kg 


Thus, ntj = m 2 - m x = 23.27 - 15 = 8.27 kg 


(. b ) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition A destroyed = T 0 S gen where the entropy generation 5 gcn is determined from an entropy balance on the insulated 

cylinder, 


fin ^ out 

fien 

Net en tro p y tnn s fer 

Entropy 

by heat and mass 

generation 

m 

iA i fieri 


s 


gen 


V 

Change 
in entropy 

~ AS system = m 2 s 2 “^1^1 

= m 2 s 2 —m x s x -nijSi 


Substituting, the exergy destruction is determined to be 

^destroyed — -^ofien — ^0 [^2^2 — ^1*^1 — i ] 

= (298 K)(23 .27 x 6.9917 - 15 x 6.2824 - 8.27 x 7.1292) 

= 2832 kj 
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8-79 Each member of a family of four takes a shower every day. The amount of exergy destroyed by this family per year is 
to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energies are negligible. 3 Heat losses from the 
pipes, mixing section are negligible and thus Q = 0. 4 Showers operate at maximum flow conditions during the entire 

shower. 5 Each member of the household takes a shower every day. 6 Water is an incompressible substance with constant 
properties at room temperature. 7 The efficiency of the electric water heater is 100%. 

Properties The density and specific heat of water are at room temperature are p - 997 kg/m and c = 4. 18 kJ/kg.°C (Table 
A-3). 

Analysis The mass flow rate of water at the shower head is 
m = pO = (0.997 kg/L)(10 L/min)= 9.97kg/min 
The mass balance for the mixing chamber can be expressed in the rate form as 

™in - «out = ^system = 0 -> m ia = m out -» w, + m 2 = m 3 

where the subscript 1 denotes the cold water stream, 2 the hot water stream, and 3 the mixture. 

The rate of entropy generation during this process can be determined by applying the rate form of the entropy 
balance on a system that includes the electric water heater and the mixing chamber (the T-elbow). Noting that there is no 
entropy transfer associated with work transfer (electricity) and there is no heat transfer, the entropy balance for this steady- 
flow system can be expressed as 

c _ c i c _ac ^0 (steady) 

°in °out ' °gen system 

Rate of net entropy tnnsfer Rateof entropy Rateof change 

by heat and mass generation of entropy C 

m x s x + m 2 s 2 - m 3 s 3 +5 s , en =0 (since Q- 0 and work is entropy free) 

S gen =m 3 s 3 -m l s l —m 2 s 2 

Noting from mass balance that m x +m 2 = m 3 and s 2 = s\ since hot water enters the system at the same temperature as the 
cold water, the rate of entropy generation is determined to be 

T 3 

Sgen = m 3 S 3 -Oi + m 2 )s l = w 3 0 3 — Sj) = m 3 c p ln-^ 

1 \ 

42 + 273 

= (9.97 kg/min)(4.18 kJ/kg.K)ln- ^ + ■ = 3.735 kJ/min.K 

Noting that 4 people take a 6 -min shower every day, the amount of entropy generated per year is 

S „ e n = (5 g en)Ar(No. of people)(No . of days) 

= (3.735 kJ/min.K )(6 min/person • day)(4 persons)(3 65 days/year) 

= 32,715kJ/K (per year) 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition ^destroyed — ^o^gen ’ 

^destroyed = ^o^gen = (298 K)(32,715 kJ/K) = 9,749,000kJ 

Discussion The value above represents the exergy destroyed within the water heater and the T-elbow in the absence of any 
heat losses. It does not include the exergy destroyed as the shower water at 42 °C is discarded or cooled to the outdoor 
temperature. Also, an entropy balance on the mixing chamber alone (hot water entering at 55 °C instead of 15°C) will 
exclude the exergy destroyed within the water heater. 
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8-80 Cold water is heated by hot water in a heat exchanger. The rate of heat transfer and the rate of exergy destruction 
within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 5 The temperature of the 
environment is 25 °C. 


Properties The specific heats of cold and hot water are given to be 4.18 and 4.19 kJ/kg.°C, respectively. 


Analysis We take the cold water tubes as the system, which is a 
control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


^in ^out 

V J 

V 

Rate of net energy trmsfer 
by heat, work, and mass 


A E 


system 


710 (steady) 


= 0 


v 

Rate of changein internal, kinetic, 
potential, etc. energies 


^in — ^out 

Q in + mh x = mh 2 (since Ake = Ape = 0) 


2in =rhc p (T 2 -T x ) 


Cold water i 
15°C T 

Hot water 

100°C 
3 kg/s 

{ 45 °C 



Then the rate of heat transfer to the cold water in this heat exchanger becomes 


Qin = [mc p (T out - T m )] coldwater = (0.25 kg/s)(4. 18 kJ/kg.°C)(45°C - 15°C) = 31.35RW 


Noting that heat gain by the cold water is equal to the heat loss by the hot water, the outlet temperature of the hot water is 
determined to be 


Q = \mc(T m -r out )] 


p in L out/J hot water 


-> T = T 
Ti out ■'in 


Q 


me 


p 


= 100°C 


31.35 kW 


(3 kg/s)(4. 19 kJ/kg.°C) 


= 97.5°C 


( b ) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


c _ c 

°in J out 


+ 


gen 


^ system 


<^0 (steady) 


Rate of net entropy tnnsfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m x s x +m 3 s 3 -m 2 s 2 -m 3 s A +S gen =0 (since Q = 0) 
m cold s x +m hot s 3 ~m coXd s 2 ~m hot s 4 +A gen =0 

^gen = cold (^2 “ ^1 ) + 7 ^hot(^4 “^ 3 ) 

Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is determined to be 

T T 

S„ an = m^ A c „ In — + triune „ In — 


gen cold /? 


r, 


‘■hot p 


T* 


45 + 273 97 5 + 273 

= (0.25 kg/s)(4. 18 kJ/kg.K)ln + (3 kg/s)(4. 19 kJ/kg.K)ln ' 


15 + 273 


100 + 273 


= 0.0190 kW/K 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 

definition ^destroyed — r 0 5g en , 


destroyed = ^gen = (298 K)(0.019 kW/K) = 5.66kW 
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8-81 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer and the rate of exergy 
destruction in the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 

Properties The specific heats of air and combustion gases are given to be 1.005 and 1.10 kJ/kg.°C, respectively. The gas 
constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Analysis We take the exhaust pipes as the system, which is a control 
volume. The energy balance for this steady-flow system can be 
expressed in the rate form as 


-^in -^out 


= A/7 

— AAi^sy S tem 


710 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

E m = E onl 

mh x = Qout + (since Ake = Ape = 0) 

2out = '«c p (r 1 -t 2 ) 

Then the rate of heat transfer from the exhaust gases becomes 

Q = [rhc p (T m - r out )] gas = (0.85 kg/s)(l. 1 kJ/kg.°C)(350°C - 260°C) = 84.1 5kW 
The mass flow rate of air is 



m = 


PV (101 kPa)(0.5 nr/s) 


= 0.5807 kg/s 


RT (0.287 kPa.m 3 /kg.K)x 303 K 
Noting that heat loss by exhaust gases is equal to the heat gain by the air, the air exit temperature becomes 

84.15kW 

• - 3trc + 

m S807 k 

p 


Q = [nC p (T oul - T m )] -> r out = T m + -Q- = 30°C + 

air me 


(0.5807 kg/s)( 1.005 kJ/kg.°C) 


= 174. 2°C 


The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance on 
the entire heat exchanger: 


c _ c 

°in ^out 


+ 


gen 


^system 


<P0 (steady) 


Rate of net entropy tnnsfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m l s l + m 3 s 3 — m 2 s 2 -m 3 s 4 + S„ en =0 (since Q = 0) 

^ exhaust^ 1 ~*~^air^3 — ^ exhaust‘d 2 ~ ^air ^4 ^gen — 0 

^gen = 7 ^exhaust(^2 “ s \ ) + ^air ( s 4 ~ s 3 ) 

Noting that the pressure of each fluid remains constant in the heat exchanger, the rate of entropy generation is 

T T 

Sgen = '"exhaus fp ln A + ™air C p ln A 

1 \ 1 3 

r )f\C\ _i_ 979 1 7 A 9 _i_ 979 

= (0.85 kg/s)(l. lkJ/kg.K)ln + (0.5807 kg/s)(1.005 kJ/kg.K)ln * 


350 + 273 


30 + 273 


= 0.081 29 kW/K 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition ^destroyed — -^O^gen ’ 


^destroyed = T 0 S gm = (303 K)(0.08129 kW/K) = 24.6kW 
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8-82E Steam is condensed by cooling water in a condenser. The rate of heat transfer and the rate of exergy destruction 
within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 5 The temperature of the 
environment is 77°F. 

Properties The specific heat of water is 1.0 Btu/lbm.°F (Table A-3E). The enthalpy and entropy of vaporization of water at 
120°F are 1025.2 Btu/lbm and s fg = 1.7686 Btu/lbm.R (Table A-4E). 

Analysis We take the tube-side of the heat exchanger where cold water is flowing as the system, which is a control volume. 
The energy balance for this steady-flow system can be expressed in the rate form as 


^in ^out 


A F 

system 


7IQ (steady) 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

E[ n ~ ^out 

Q [n + mh x = mh 2 (since Ake = Ape = 0) 

Qin =mc p (T 2 -T x ) 

Then the rate of heat transfer to the cold water in this heat exchanger becomes 
Q — [me p (T oui — T in )] water 

- (1 15.3 lbm/s)(l . 0Btu/lbm.°F)(73°F - 60°F) = 1499 Btu/s 

Noting that heat gain by the water is equal to the heat loss by the condensing 
steam, the rate of condensation of the steam in the heat exchanger is 
determined from 


i 


Steam 

120°F 


<£ 


(c 


(c 


(£ 


2 ) 


5) 




2 ) 


2) 


120°F 


u 

i 


73 °F 


60°F 


Water 


Q = (rhh fg ) s team = 


^ steam 


Q 


h 


fg 


1499 Btu/s 
1025.2 Btu/lbm 


= 1.462 lbm/s 


( b ) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


c _ c 

°in ^out 


+ 


gen 


system 


(steady) 


Rate of net entropy tansfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m l s l +m 3 s 3 -m 2 s 2 - m 4 s 4 + S =0 (since 2 = 0) 

^ water ^1 +/ ^steam l9 3 _/; ' 2 water^2 ~ r * l steam S 4 +l ^gen = 0 

Sg Qn = m water (s 2 — ^ steam (^4 — s 3 ) 

Noting that water is an incompressible substance and steam changes from saturated vapor to saturated liquid, the rate of 
entropy generation is determined to be 


S til water c p In “*"^steam ( s f S g ) ™ water C p 


gen 


r, 


r, 


m stean \ s fg 


= (1 15.31bm/s)(1.0Btu/lbm.Rln ^^-(1.462 lbm/s)(l. 7686 Btu/lbm.R)= 0.2613Btu/s.R 

60 + 460 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition ^destroyed — ^o^gen » 


X destroyed = T 0 S gca = (537 R)(0.2613 Btu/s.R) = 140.3Btu/s 
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8-83 Air is compressed in a compressor that is intentionally cooled. The actual and reversible power inputs, the second law 
efficiency, and the mass flow rate of cooling water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Potential energy change is 
negligible. 3 Air is an ideal gas with constant specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg.K and the specific heat of 
air at room is c p = 1.005 kJ/kg.K. the specific heat of water at room temperature 
is c vy = 4.18 kJ/kg.K (Tables A-2, A-3). 

Analysis (a) The mass flow rate of air is 



P 


RT \ 




(100 kPa) 

(0.287 kJ/kg. K)(20 + 273 K) 


(4.5 m 3 /s) = 5.351 kg/s 


The power input for a reversible-isothermal process is given by 


900 kPa 
60°C 



P f 900 kPi 

W = mRP In — = (5.35 1 kg/s)(0.287 kJ/kg.K)(20 + 273 K)ln 

rev 1 P llOOkPa 


A 


7 


988.8kW 


Given the isothermal efficiency, the actual power may be determined from 


W. 


W, 


rev 


actual 


?It 


988.8 kW 
0.70 


=1413kW 


( b ) The given isothermal efficiency is actually the second-law efficiency of the compressor 

?7ii =V T =0.70 

(c) An energy balance on the compressor gives 


Gout = m 


c p( T i -Ti) + 


V{ -v 2 2 


+ w 

1 rr actual, in 


= (5.351 kg/s) 


(1.005 kJ/kg.°C)(20 - 60)°C + 


0-(80m/sy 


1 kJ/kg 


1000 m 2 /s 2 


+ 1413 kW 


= 1181 k W 

The mass flow rate of the cooling water is 
e out 1181kW 


m w = 


c w AT (4. 18 kJ/kg. °C)(10°C) 


= 28.25kg/s 
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8-84E A hot water stream is mixed with a cold water stream. For a specified mixture temperature, the mass flow rate of cold 
water stream and the rate of exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The mixing chamber is well-insulated so that heat loss to the 
surroundings is negligible. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 


Properties Noting that that T < T sat @ 5 o P sia = 280.99°F, the water in all three streams exists as a compressed liquid, which can 
be approximated as a saturated liquid at the given temperature. Thus from Table A-4E, 


P x = 50psial h x = h f@X60 > F = 128.00 Btu/lbm 
T x = 160°F j s ! = s f@X6(rF = 0.23136 Btu/lbm- R 


P 2 = 50psiaj h 2 = /? /@70 o F = 38.08 Btu/lbm 
T 2 = 70°F j s 2 = 5 /@70°f = 0.07459 Btu/lbm- R 


P 3 = 50psiaj h 3 = hf @no > F =78.02 Btu/lbm 
T 3 =110°F } $3 = Sf@no>F = 0.14728 Btu/lbm- R 



Analysis (a) We take the mixing chamber as the system, which is a control volume. The mass and energy balances for this 
steady-flow system can be expressed in the rate form as 

Mass balance: m in -m out = Am system ^° (steady) = 0 > m x +m 2 = m 3 


Energy balance: 


^in ^out 


= A F 

system 


+0 (steady) 


= 0 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

mh x + rh 2 h 2 = m 3 h 3 (since Q=W = Ake = Ape = 0) 
Combining the two relations gives 
m x h x + = (m, + )h 3 


Solving for and substituting, the mass flow rate of cold water stream is determined to be 


m 2 = 


h x —h 3 
h 3 -h 2 


m x = 


(128.00 -78.02)Btu/lbm 
(78.02 - 38.08)Btu/lbm 


(4.0 lbm/s) = 5.0 lbm/s 


Also, 


m 3 = m x + m 2 =4 + 5=9 lbm/ s 


( b ) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition 2f destroyed = T 0 S gen where the entropy generation 5 g en is determined from an entropy balance on the mixing 

chamber. It gives 

S'-S' -u V —AS 1 ^ -0 

°in °out ' ° gen system V7 

Rate of net entropy tnnsfer Rateof entropy Rateof change 
by heat and mass generation of entropy & 

+4 +m 2 s 2 ~m 3 s 3 +5 gen =0 5 gen = m 3 s 3 -m 1 s l -m 2 s 2 
Substituting, the exergy destruction is determined to be 

^destroyed “ ^O^gen = Tq 0^3 s 3 ~ r ^ l 2 s 2 

= (535 R)(9. 0 X 0. 14728 - 5 .0 x 0.07459 - 4.0 x 0.23 1 36)B tu/s • R 

= 14.7Btu/s 
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8-85 Water is heated in a chamber by mixing it with saturated steam. The temperature of the steam entering the chamber, the 
exergy destruction, and the second-law efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Heat loss from the 
chamber is negligible. 


Analysis (a) The properties of water are (Tables A-4 through A- 6 ) 


T x = 20°C 
x x = 0 

T 3 = 45 °C 
x x = 0 


h x =h 0 = 83.91 kJ/kg 
= s 0 = 0.29649 kJ/kg.K 

h 3 =188.44 kJ/kg 
£3 = 0.63862 kJ/kg.K 


An energy balance on the chamber gives 



Mixture 
45 °C 


m x h x + m 2 h 2 =m 3 h 3 =(rh x +m 2 )h 3 
(4.6 kg/s)(83.91 kJ/kg) + (0.19 kg/s)h 2 = (4.6 + 0.19 kg/s)(l 88.44 kJ/kg) 

h 2 = 27 19.0 kJ/kg 


The remaining properties of the saturated steam are 


h 2 = 27 19.0 kJ/kg] 72 = 129.2°C 
x 2 =l j s 2 =7.0348 kJ/kg.K 


(b) The specific exergy of each stream is 
¥ 1 = ° 

¥ 2 = ^2 — K ) — ^0 ( l9 2 “ ) 

= (2719.0 - 83.91)kJ/kg - (20 + 273 K)(7.0348 - 0.29649)kJ/kg.K 
= 660.7 kJ/kg 

¥1 - ^3 “ ^0 ~ T 0 ( s 3 _ ) 

= (188.44 - 83.91)kJ/kg - (20 + 273 K)(0.63862 - 0.29649)kJ/kg.K 
= 4.276 kJ/kg 

The exergy destruction is determined from an exergy balance on the chamber to be 

^dest ="Wl +'»2^2 ~ (m \ +m 2 )V / 3 

= 0 + (0. 19 kg/s)(660.7 kJ/kg) - (4.6 + 0.19 kg/s)(4.276kJ/kg) 

= 105. IkW 


(c) The second-law efficiency for this mixing process may be determined from an “exergy recovered/exergy expended” 
approach as 


"^recovered _ (Xout-Xin)coid _ »koid^3 Zll 1 - (4-6 kg/s)(4.276-0) kJ/kg 

^expended (*i„ “ ^oudhot < 0^2 ~ V's) (0.19 kg/s)(660.7 - 4.276) kJ/kg 


Discussion An alternative (and different) definition for the second-law efficiency for this mixing process may be determined 
from an “exergy out/exergy in” approach as 


tin = 


(m x +m 2 )y/ 3 
m x y/ x + m 2 y/ 2 


(4.6 + 0. 19 kg/s)(4.276 kJ/kg) 
0 + (0. 19 kg/s)(660.7 kJ/kg) 


= 0.1632 = 16.3% 
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Review Problems 


8-86E The second-law efficiency of a refrigerator and the refrigeration rate are given. The power input to the refrigerator is 
to be determined. 

Analysis From the definition of the second-law efficiency, the COP of the refrigerator is determined to be 

1 


COP 


R,rev 


Vn = 


1 

T H /T L -l~ 550/485-1 
COP R 


= 7.462 


C^90°F^) 


.rev 


COP R . 

Thus the power input is 

Q l 800 Btu/min f lhp 


> COP R = 77 U C0P R rev = 0.28 x 7.462 = 2.089 


rj n = 0.28 


0 


800 Btu/min 


W = 

rr in 


COP 


R 


2.089 


42.41 Btu/min 


= 9.03hp 


(^25°F^) 
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8-87 Refrigerant- 1 34a is expanded adiabatically in an expansion valve. The work potential of R-134a at the inlet, the exergy 
destruction, and the second-law efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) The properties of the refrigerant at the inlet and exit of the valve and at dead state are (Tables A-l 1 through A- 
13) ‘ 


P x =0.7 MPa 
r, = 25°C 
P 2 =160 kPa 


h x = 86.42 kJ/kg 
s x =0.32429 kJ/kg. K 

L = 0.34131 kJ/kg.K 


h 2 = h x =86.42 kJ/kg 
P Q = 1 00 kPa 1 h 0 = 272. 1 8 kJ/kg 
T 0 = 20°C s 0 = 1-0919 kJ/kg.K 


R-134a 
0.7 MPa 
25°C 


► 



160 kPa 


The specific exergy of the refrigerant at the inlet and exit of the valve are 
¥\ = h\ ~ h o ~ T 0 (^i ~ ) 

= (86.42 - 272.18)kJ/kg - (20 + 273. 15 K)(0. 32429 - 1.091 9)kJ/kg • K 

= 39.25kJ/kg 


y/ 2 -h 2 h 0 T 0 (s 2 s 0 ) 

= (86.42 - 272. 1 8)kJ/kg - (20 + 273. 15 K)(0. 341 3 1 - 1 .09 19 kJ/kg. K 
= 34. 26 kJ/kg 


(b) The exergy destruction is determined to be 

X dest = T()(S 2 ~ S x ) 

= (20 + 273.15 K)(0. 34131 - 0.32429)kJ/kg • K 

= 4.99kJ/kg 


(c) The second-law efficiency can be determined from 


_ -^recovered _ 0 

VII - - 

-^expended Wl ~ ^2 


0 kJ/kg 

(39.25 -34.26) kJ/kg 


= 0 = 0 % 


Note that an expansion valve is a very wasteful device and it destructs all of the exergy 


Discussion An alternative (and different) definition for the second-law efficiency of an 
using an “exergy out/exergy in” approach as 


7n = 


x out _ y/ 2 _ 34.26 kJ/kg 
x Xn y/ x 39.25 kJ/kg 


= 0.873 = 87.3% 


expended in the process, 
expansion valve can be expressed 
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8-88 Steam is accelerated in an adiabatic nozzle. The exit velocity, the rate of exergy destruction, and the second -law 
efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Potential energy changes are negligible. 

Analysis {a) The properties of the steam at the inlet and exit of the turbine and at the dead state are (Tables A -4 through A- 

6 ) 


P x = 3.5 MPa 
T x = 300°C 
P 2 =1.6 MPa 
T 2 = 250°C 


T 0 = 18°C 
x = 0 


K 

s 0 


h x = 2978.4 kJ/kg 
> s l = 6.4484 kJ/kg. K 

h 2 =2919.9 kJ/kg 
\s 2 = 6.6753 kJ/kg.K 

= 75.54 kJ/kg 
= 0.2678 kJ/kg.K 



The exit velocity is determined from an energy balance on the nozzle 


/ _ / V 2 
1 2 2 2 


2978.4 kJ/kg + 


(0 m/s)' 


1 kJ/kg 


\ 


2 ,2 


1000 m z /s 


= 2919.9 kJ/kg + 


y2 / i i_t / i__ \ 


1 kJ/kg 


2,2 


1000 m z /s 


Vo =342.0m/s 


( b ) The rate of exergy destruction is the exergy decrease of the steam in the nozzle 


*dest=-^ 


V 2 - V x 2 

h 2 ~h x + T 0 (s 2 -s x 


= -(0.4 kg/s) 


(342 m/s y - 0 


(2919.9 -2978.4)kJ/kg + 


- (291 K)(6.6753 - 6.4484)kJ/kg.K 


1 kJ/kg 


2,„2 


1000 m z /s 


= 26.41kW 

(c) The exergy of the refrigerant at the inlet is 


X x = m 


V, 

'h-ho + ^-To^i-So 


= (0.4 kg/s)[(2978.4 - 75.54) kJ/kg + 0 - (291 K)(6.4484 - 0.2678)kJ/kg.K] 
= 441.72 kW 


The second-law efficiency for a nozzle may be defined as the exergy recovered divided by the exergy expended: 

recovered 


Vm = 


V 2 2 /2 


X 


expended h\ h 2 Tq(s j S 2 )~\~V x / 2 


(342 m/s) 2 - 0 


1 kJ/kg 


\ 


2,2 


1000 m z /s 


(2978.4 - 2929.9)kJ/kg - (291 K)(6.4484 - 6.6753)kJ/kg.K + 0 
= 0.886 = 88 . 6 % 


Discussion Alternatively, the second-law efficiency for this device may be defined as the exergy output divided by the 
exergy input: 


"" "xT" 1- 


^dest 

X, 


= 1 - 


26.41 kW 
441.72 kW 


= 0.940 = 94.0% 
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8-89 Steam is condensed in a closed system at a constant pressure from a saturated vapor to a saturated liquid by rejecting 
heat to a thermal energy reservoir. The second law efficiency is to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 

Analysis We take the steam as the system. This is a closed system since no mass enters or leaves. The energy balance for 
this stationary closed system can be expressed as 


^in ^out 


A F 

'-^system 


Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

W b,in “Gout =At/=m(M 2 -M, ) 
From the steam tables (Table A-5), 


Steam 
75 kPa 
Sat. vapor 


P l = 75 kPa 
Sat. vapor 


P 2 = 75kPa 
Sat. liquid 


c/j = i/, ; = 2.2172 m /kg 
u x = u g = 2496. 1 kJ/kg 
s Y = Sg = 7.4558 kJ/kg -K 

t/ 2 = v f = 0.001037 m 3 /kg 
u 2 = U j =384.36 kJ/kg 
s 2 = Sf = 1.2132 kJ/kg -K 


2/ 75 kPa 


The boundary work during this process is 


w = P(v - c/ 9 ) = (75 kPa)(2.2172 - 0.001037) nrVkg 

VlkPa-m 3 

The heat transfer is determined from the energy balance: 


= 166.2 kJ/kg 


q out = Wb, in - (u 2 - u x ) = 166.2 kJ/kg - (384.36 - 2496. l)kJ/kg = 2278 kJ/kg 
The exergy change between initial and final states is 


fix fi 2 -U x U 2 +Pq{V 1 ^2) ^0(^1 ^2) ^outM 


= (2496.1 - 384.36)kJ/kg + (100 kPa)(2.2172 - 0.001037) m 3 /kgf — - 

VlkPa-m 3 

f 298 K 

- (298 K)(7.4558 - 1.2132)kJ/kg • K - (2278 kJ/kg) 1 - 

310 K , 


- (298 K)(7.4558 - 1.2132)kJ/kg • K - (2278 kJ/kg)^l - 
= 384.9 kJ/kg 


The second law efficiency is then 

= = 166.2 kJ/kg = 0 432 = 43 2 o /o 

A(f> 384.9 kJ/kg 
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8-90 R- 1 34a is vaporized in a closed system at a constant pressure from a saturated liquid to a saturated vapor by 
transferring heat from a reservoir at two pressures. The pressure that is more effective from a second -law point of view is to 
be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 

Analysis We take the R-134a as the system. This is a closed system since no mass enters or leaves. The energy balance for 
this stationary closed system can be expressed as 


^in ^out — ^^system 

" v ' . ' V ' 

Net energy tnnsfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Gi»=W 6 ,out + A£/ 
g in = A H =m(h 2 -/zg 

At 100 kPa: 

From the R-134a tables (Table A- 12), 

u fg@ lookPa = 198.01 kJ/kg 
hf g @ iookPa =217.19 kJ/kg 
s /g @ iookPa = 0.88008 kJ/kg • K 

v fg @ iookPa =Vg - Vf = 0.19255 - 0.0007258 = 0.19182 m 3 /kg 




The boundary work during this process is 


"W = P ^2 


v l ) = p i/fg = (100 kPa)(0. 19182) m 3 /kg 


lkJ 


V 1 kPa • m 



19.18 kJ/kg 


The useful work is determined from 


w u = w b, out - W SU,T = P(V 2 - "l ) - ^0 (^2 - v \ ) = 0 kJ/kg 
since P = P 0 = 100 kPa. The heat transfer from the energy balance is 
q in =h fg = 217. 19 kJ/kg 


The exergy change between initial and final states is 

< I >1 -< t >2 =«1 “«2 + P o(Vl - v 2 )~ T o ( s 1 - s 2 ) + <1 


in 


f rp \ 

1-^ 
v t r j 


- u fg P 0 v fg +T 0 s fg +q m 


f rp \ 

1-^ 
v t r j 


= -198.01 kJ/kg - (100 kPa)(0. 19182 m7kg) 


r lkJ 3 
1 kPa • m 3 


+ (298 K)(0. 88008 kJ/kg -K) 


+ (217. 19 kJ/kg) 
= 30.28 kJ/kg 

The second law efficiency is then 

0 kJ/kg 


r 298 K x 
279 K 


w. 


7n = 


A (/) 30.28 kJ/kg 


0 
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At 180 kPa: 


M fg @ 1 80 kPa = 188.20 kJ/kg 
hfg @ i sokPa = 207 .95 kJ/kg 
s f g @ l sokPa = 0.79848 kJ/kg • K 

v f g @ isokPa = v g ~ {/ f =0.11049-0.0007485 = 0.1 0974 m 3 /kg 


v^out = ~ Vi) = Pv fg = (180 kPa)(0. 10974) m 3 /kg 


lkJ ' 
lkPa- m 3 y 


19.75 kJ/kg 


- ^SU.T = P(y 2 -V\)-P 0 iV2 ~ <6 ) 


= (P- P 0 )v fg = (180 - 100) kPa(0. 10974) 



lkJ 

lkPa-m 3 


\ 


j 


8.779 kJ/kg 


q m =hf g =207.95 kJ/kg 


(f) x -</> 2 =U { ~U 2 + / > 0 ( l 'l ~ {/ 2)~ T o( s l ~ s 2) + q 


in 


r r r ^ 

v t r j 


- U fg P 0 v fg +T 0 S fg + <? in 


r rp \ 

v t r j 


= -188.20 kJ/kg - (100 kPa)(0. 10974 m 3 /kg) 


lkJ 


lkPa - m 3 


+ (298 K)(0.79848 kJ/kg • K) 


+ (207.95 kJ/kg) 
= 24.61 kJ/kg 


' 298 lO 

279 K 


= 8.779 kJ/kg = 0 3567 = 35 _ 7 o /o 
24.61 kJ/kg 


The process at 180 kPa is more effective from a work production standpoint. 
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8-91 Ethylene glycol is cooled by water in a heat exchanger. The rate of heat transfer and the rate of exergy destruction 
within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 5 The environment 
temperature is 20 °C. 

Properties The specific heats of water and ethylene glycol are given to be 4.18 and 2.56 kJ/kg.°C, respectively. 


Analysis (a) We take the ethylene glycol tubes as the system, 
which is a control volume. The energy balance for this steady- 
flow system can be expressed in the rate form as 


Cold water 
20°C 


I 


^"in ^out 


A F 

system 


710 (steady) 


= 0 


Rate of net energy tnnsfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in — ^out 

riih x - <2 out + mh 2 (since Ake = Ape = 0) 
Q out =mCp(T x -T 2 ) 

Then the rate of heat transfer becomes 


Hot glycol 


80°C 
2 kg/s 




u 

i 


3 


40°C 


Q out = [mc p (T m -r out )] glycol = (2 kg/ s)(2. 56 kJ/kg.°C )(80°C - 40°C ) = 204.8RW 
The rate of heat transfer from water must be equal to the rate of heat transfer to the glycol. Then, 

Q m 204.8 kJ/s 


Qin \riic p (T out T m )] water 


->m 


water 


(r out -T m ) (4. 18 kJ/kg.°C)(55 - 20)°C 


= 1.4 kg/s 


(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


^in ^out 


+ 


gen 


system 


<P0 (steady) 


Rate of net entropy tnnsfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m l s l + m 3 s 3 -m 2 s 2 -m 3 s 4 + S =0 (since Q = 0) 

h^giycol^i +m water ^3 — ^ glycol^ 2 — ^ water ^ 4 ^gen — 0 

^gen = , ^glycol(‘ y 2 _ ^1 ) + ^ water (*^4 “ ^3 ) 

Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is determined to be 


^ gen ^glycol ^ p ^ 


Tn 


r, 


m 


water p 


c „ In 


h 

T, 


40 + 273 55 + 273 

= (2 kg/s)(2.56 kJ/kg. K) In + (1 .4 kg/s)(4. 1 8 kJ/kg. K) In = 0.0446 kW/K 


80 + 273 


20 + 273 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition ^destroyed — ^O^gen ’ 


^destroyed = T 0 S = (293 K)(0.0446 kW/K) = 13.1kW 
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8-92 Oil is to be cooled by water in a thin-walled heat exchanger. The rate of heat transfer and the rate of exergy destruction 
within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of water and oil are given to be 4.18 and 2.20 kJ/kg.°C, respectively. 


Analysis We take the oil tubes as the system, which is a control volume. The energy balance for this steady-flow system can 
be expressed in the rate form as 


E in ~ £ out 


A F 

LSJ -^ system 


710 (steady) 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

E m = £out 

mh x = <2 out + mh 2 (since Ake = Ape = 0) 

Qout= lhc p( T l- T 2) 

Then the rate of heat transfer from the oil becomes 


Cold water 

22°C 
1.5 kg/s 


if 

i 


Hot oil | 
150°C 1 
2 kg/s 




Q out =[mc p (T in -r out )] oil = (2kg/s)(2.2kJ/kg. o C)(150 o C-40 o C) = 484 kW 


Noting that heat lost by the oil is gained by the water, the outlet temperature of water is determined from 


Q [ me p(T[ n r out )j water 


->T - T 

r out in 


Q 


= 22°C 


484 kW 


me 


p 


(1 .5 kg/ s)(4. 1 8 kJ/kg.°C) 


= 99.2°C 


( b ) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


^in ^out 


+ 


gen 


= AS 


<P0 (steady) 


system 


Rate of net entropy tansfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m l s l + m 3 s 3 -m 2 s 2 -m 3 s 4 + S gen = 0 (since Q = 0) 

/?2 0 ii^i +th water ^3 — ^oil‘^2 — ^ water ^ 4 “^^gen — ^ 

^gen = 7 ^oil ( s 2 ~ S \ ) + ^ water (^4 “ ^3 ) 


Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is determined to be 

T 2 . T 4 

^gen — 777 oil Cp ^ 7 ^ water ^ p ^ ^ 

1 3 

40 + 273 99 2 + 273 

= (2 kg/s)(2.2 kJ/kg.K) In + (1.5 kg/s)(4. 18 kJ/kg.K) In — = 0. 132kW/K 

150 + 273 22 + 273 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X d es t r0 y e d — -^o^gen » 

^destroyed = ^O^gen = (295 K)(0. 132 kW/K) = 38.9kW 
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8-93 Hot exhaust gases leaving an internal combustion engine is to be used to obtain saturated steam in an adiabatic heat 
exchanger. The rate at which the steam is obtained, the rate of exergy destruction, and the second -law efficiency are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air properties are 
used for exhaust gases. 4 Pressure drops in the heat exchanger are negligible. 

Properties The gas constant of air is R = 0.287 kJkg.K. The specific heat of air at the average temperature of exhaust gases 
(650 K) is Cp = 1.063 kJ/kg.K (Table A-2). 

Analysis {a) We denote the inlet and exit states of exhaust gases by (1) and (2) and that of the water by (3) and (4). The 
properties of water are (Table A-4) 


T 3 = 20°C 
x 3 =0 
T 4 = 200°C 

X 4 =1 


h 3 = 83.91 kJ/kg 
^3 = 0.29649 kJ/kg.K 

h 4 = 2792.0 kJ/kg 
s 4 = 6.4302 kJ/kg.K 


An energy balance on the heat exchanger gives 


Exh. gas 
400°C 


► 350°C 

150 kPa 

Heat 


Sat. vap. 

Exchanger 

Water 

200°C M 


20°C 


fh Jh + m nl h 3 = m a h2 + m w h 4 
m a c p (Ti ~T 2 ) = m w (h 4 -h 3 ) 

(0.8 kg/s)(1.063 kJ/kg°C)(400 - 350)°C = <(2792.0 -83.91)kJ/kg 

m w = 0.01 570k g/s 


(b) The specific exergy changes of each stream as it flows in the heat exchanger is 

Av„ = c D In — = (0.8 kg/s)(1.063 kJ/kg. K)ln (35Q + 273) K = -0.08206 kJ/kg.K 
P T X (400 + 273) K 

Ay/a=Cp{T 1 -T x )-T {) ASa 

= (1.063 kJ/kg.°C)(350 - 400)°C - (20 + 273 K)(-0. 08206 kJ/kg.K) 

= -29. 106 kJ/kg 

Ay/ W = h 4 -h 3 -T 0 (s 4 -s 3 ) 

= (2792.0 - 83.91)kJ/kg - (20 + 273 K)(6.4302 - 0.29649)kJ/kg.K 
= 910.913 kJ/kg 

The exergy destruction is determined from an exergy balance on the heat exchanger to be 

-X dcst = m a Ay/ a +m w Ay/ w = (0.8 kg/s)(-29. 106 kJ/kg) + (0.01570 kg/s)(910.913) kJ/kg = -8.98 kW 
or 

X dest =8.98kW 


(c) The second-law efficiency for a heat exchanger may be defined as the exergy increase of the cold fluid divided by the 
exergy decrease of the hot fluid. That is, 


_ (0-01570 kg/s)(910.913 kJ/kg) g14 
- m a A y/ a - (0.8 kg/s)(-29. 106 kJ/kg) 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 




8-88 


8-94 Elevation, base area, and the depth of a crater lake are given. The maximum amount of electricity that can be generated 
by a hydroelectric power plant is to be determined. 


Assumptions The evaporation of water from the lake is negligible. 

Analysis The exergy or work potential of the water is the potential energy it possesses relative to the ground level, 
Exergy = PE = mgh 

Therefore, 

Exergy = PE = J dPE = J gzdm = J gz(pAdz) 

= pAg^ 2 zdz = pAg(zl -zf)/2 
= 0.5(1000 kg/m 3 )(2 x 10 4 m 2 )(9.81 m/s 2 ) 


x ((152 m) 2 -(140m 2 )f— 
v \ 360( 


lkJ/kg 


2 / 2 


3600s A 1000 m /s 



= 9.55 xlO 4 kWh 


8-95 The inner and outer surfaces of a brick wall are maintained at specified temperatures. The rate of exergy destruction is 
to be determined. 

Assumptions 1 Steady operating conditions exist since the surface temperatures of the wall remain constant at the specified 
values. 2 The environment temperature is given to be T 0 = 0°C. 


Analysis We take the wall to be the system, which is a closed system. Under steady 
conditions, the rate form of the entropy balance for the wall simplifies to 


^in ^ out 

V j 

V 

Rate of net entropy tansfer 
by heat and mass 


^gen 

Rate of entropy 
generation 


= AS C 


<^o 


system 


-0 


Rate of change 
of entropy 


Gin Q 


T v 




out r. _ n 

+ ° gen; wall “ u 


b,in M b,out 

900 W 900 W 


293 K 278 K 


^*gen,wall ^ 


Sgen.waU “0.166 W/K 


20°C 



5°C 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition destroyed = T 0 S gQn , 

^destroyed = ^O^gen = (273 K)(0. 166 W/K) = 45.3 W 
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8-96 A 1000-W iron is left on the iron board with its base exposed to air. The rate of exergy destruction in steady operation 
is to be determined. 

Assumptions Steady operating conditions exist. 

Analysis The rate of total entropy generation during this process is determined by applying the entropy balance on an 
extended system that includes the iron and its immediate surroundings so that the boundary temperature of the extended 
system is 20°C at all times. It gives 


c _ c 

° in °out 


-AS 1 ^° - 0 

— LAO S y S tem — u 


v 

Rate of net entropy tnnsfer Rateof entropy Rateof change 
by heat and mass generation of entropy & 


+ Sgen - 0 


Therefore, 


c = 


Q _ 1000 W 
Tn 293 K 


= 3.413 W/K 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition ^d es troy e d — -^o^gen » 


X destroyed = T 0 S geD = (293 K)(3.413 W/K) = 1000 W 

Discussion The rate of entropy generation within the iron can be determined by performing an entropy balance on the iron 
alone (it gives 2.21 W/K). Therefore, about one-third of the entropy generation and thus exergy destruction occurs within the 
iron. The rest occurs in the air surrounding the iron as the temperature drops from 150°C to 20°C without serving any useful 
purpose. 
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8-97 An electric resistance heater is immersed in water. The time it will take for the electric heater to raise the water 
temperature to a specified temperature, the minimum work input, and the exergy destroyed during this process are to be 
determined. 

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the container itself 
and the heater is negligible. 3 Heat loss from the container is negligible. 4 The environment temperature is given to be T 0 = 
20°C. 

Properties The specific heat of water at room temperature is c = 4.18 kJ/kg°C (Table A-3). 

Analysis Taking the water in the container as the system, which is a closed system, the energy balance can be expressed as 

^in — ^out — ^'^'system 

" V ' . v v ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

We, in =(A t/) water 

W c , in Af = mc( r 2 — J \ ) watcr 

Substituting, 

(1500 J/s)At = (70 kg)(4180 J/kg-°C)(80 - 20)°C 
Solving for At gives 

At = 1 1,704 s = 195 min = 3.25 h 

Again we take the water in the tank to be the system. Noting that no heat or mass crosses the boundaries of this system and 
the energy and entropy contents of the heater are negligible, the entropy balance for it can be expressed as 

^in ~ ^out ^gen — ^ system 

Net entropy tnnsfer Entropy Change 
b y h eat an d mas s g en eratio n i n en tro p y 

0+ Sg en — AkS^gj. 

Therefore, the entropy generated during this process is 

T 353 K 

S g en =AS water =mcln-f = (70kgX4.18kJ/kg.K)ln— — = 54.51kJ/K 

1 j 3 Jv 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition Z destroyed = T Q S gen , 

^destroyed = ^O^gen = (293 K)(54.5 1 kJ/K) = 15,971 kj 
The actual work input for this process is 

Wact,in = Wact,in^ = (1.5 kJ/s)(l 1,704 s) = 17,556 kJ 
Then the reversible (or minimum required )work input becomes 
w„ v , m =W actiin -Z destroyed = 17,556 -15,971 = 1585 kj 


' SS/SSSSSSS/SSSSSSS/SSS , 




Water 
70 kg 


5) Heater 
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8-98 Steam is accelerated in a nozzle. The actual and maximum outlet velocities are to be determined. 
Assumptions 1 The nozzle operates steadily. 2 The changes in potential energies are negligible. 
Properties The properties of steam at the inlet and the exit of the nozzle are (Tables A-4 through A-6) 


P x = 300 kPa 
T x = 150°C 


h x = 2761.2 kJ/kg 
s x = 7.0792 kJ/kg -K 


P 2 = 150 kPa 
x 2 =1 (sat. vapor) 


h 2 =2693.1 kJ/kg 
s 2 =7.2231 kJ/kg -K 


Analysis We take the nozzle to be the system, which is a control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


£ in - ^out 


A E 


+0 (steady) 


system 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 

m(h j + Vf IT) = m(h 2 + V 2 2 /2) 


V n -V 2 


- = h,-h 2 = Ake actual 



Substituting, 

Ake ac tuai = h \ - h 2 = 2761 2 - 2693. 1 = 68. 1 kJ/kg 
The actual velocity at the exit is then 


V 2~ V \ A1 
— : = Ake actual 


V 2 = fjv 2 + 2Ake actual = 


t 


(45 m/s) 2 +2(68.1 kJ/kg) 


^1000 m 2 /s 2 ^ 
1 kJ/kg 


= 371.8m/s 


The maximum kinetic energy change is determined from 

Ake imx =h x —h 2 —T 0 (s x - ) = 68.1 -(298)(7.0792 -7.2231) =11 1.0 kJ/kg 

The maximum velocity at the exit is then 


y} - y. 2 

v 2, max v 1 


= Ake 


max 


or 


V 


2, max 


= +2Ake nra = 


K 


(45 m/s) 2 +2(1 11.0 kJ/kg) 


^1000 m 2 /s 2 ^ 
1 kJ/kg 


= 473.3m/s 
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8-99E Steam is expanded in a two-stage turbine. Six percent of the inlet steam is bled for feedwater heating. The isentropic 
efficiencies for the two stages of the turbine are given. The second-law efficiency of the turbine is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-insulated, and there is 
no heat transfer from the turbine. 


Analysis There is one inlet and two exits. We take the turbine as the system, which is a control volume since mass crosses 
the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 



v 

R ate o f n et en erg y trai s fer 
by heat, work, and mass 


A E B 


7IQ (steady) 


system 


= 0 


Rate of changein internal, kinetic, 
potential, etc. energies 


El n 

- F 
^out 



m x h x 

= m 2 h 

2 +m 3 h 3 

+ ^out 


= m x h ] 

i ~m 2 h 2 

-m 3 h 3 

^out 

= h x - 

0.06 h 2 - 

0.94/i 3 

^out 

= (h x - 

-/i 2 ) + 0.94 (/z 2 -h 3 ) 


The isentropic and actual enthalpies at three states are 
determined using steam tables as follows: 


P x = 500 psia 
T x = 600°F 


h x = 1298.6 Btu/lbm 
s x =1.5590 Btu/lbm- R 


P 2 = lOOpsia 

s 2s =s x = 1.5590 Btu/lbm- R 


x 2s = 0.9609 

h 2s =1152.7 Btu/lbm 


500 psia 




Vt,! ~ 


hi ~h 2 
<h ~h 2s 


h 2 =h x — r] Tf i (h\ - /j 2s )= 1298.6 - (0.97 )(1 298.6 — 1 152.7) = 11 57. 1 kJ/kg 


P 2 = lOOpsia 
h 2 =1157.1 Btu/lbm 


x 2 = 0.9658 


s 2 = 1.5646 Btu/lbm- R 


P 3 = 5 psia 

s 3 =s 2 =1.5646 kJ/kg -K 


x 3s =0.8265 


h 3s =957.09 Btu/lbm 




lh~ } h 

h~K 


^■h 3 =h 2 - rn ^hi ~ h is ) = 1 157. 1 - (0.95)0 157.1 - 957.09) = 967.09 kJ/kg 


P 3 =5 psia I 


h 3 =967.09 Btu/lbm 


x 3 = 0.8364 

^3 = 1.5807 Btu/lbm- R 


Substituting into the energy balance per unit mass flow at the inlet of the turbine, we obtain 

^out = (*1 -hi) + 0-94 (h 2 - h 3 ) 

= (1298.6 - 1 157. 1) + 0.94(1 157. 1 - 967.09) = 320. 1 Btu/lbm 


The reversible work output per unit mass flow at the turbine inlet is 
= /! i - h 2 -T 0 (s 1 -5 2 ) + 0.94[/! 2 -h 3 -T 0 (s 2 -s 3 )] 

= 1298.6 - 1 1 57. 1 - (537)(1 .5590 - 1 .5646) + 0.94[(1 157.1- 967.09 - (537)(1 .5646 - 1 .5807 )] 
= 331.2 Btu/lbm 


The second law efficiency is then 


>7h = 


w 


out 


W 


rev 


320.1 Btu/lbm 

331.2 Btu/lbm 


= 0.966 = 96.6% 
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8-100 A throttle valve is placed in the steam line supplying the turbine inlet in order to control an isentropic steam turbine. 
The second-law efficiency of this system when the valve is partially open to when it is fully open is to be compared. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-insulated, and there is 
no heat transfer from the turbine. 


Analysis 


Valve is fully open: 


The properties of steam at various states are 


P 0 = 100kPa 1 h 0 =h f@25 o C =104.83 kJ/kg 
7j — 25 °C s 0 = Sf @ 25 °c ~ 0.3672 kJ/kg • K 


P x = P 2 = 6 MPa 
T { =T 2 = 600°C 


h x =h 2 =3658.8 kJ/kg 
s x =s 2 = 7. 1693 kJ/kg -K 


P 3 = 40 kPa 1 jc 3 = 0.9248 
s 2 = J h 3 = 2461.7 kJ/kg 



The stream exergy at the turbine inlet is 

y/ x =h { -h 0 -T 0 (s { - s 0 ) = 3658.8 -104.83 -(298)(7.1693 - 0.3672)= 1527kJ/kg 
The second law efficiency of the entire system is then 

= Wout^ h \~h 3 _ h \ — h 3 _ 1 q 

U h l~ h 3 

since s\ = s 3 for this system. 


Valve is partly open: 

P 2 = 2MPa 

h 2 =h l =3658.8 kJ/kg 


=7.6674 kJ/kg -K 


(from EES) 


P 3 =40kPa 

^3 = ^2 


\ h 3 =2635.5 kJ/kg 


(from EES) 


y/ 2 =h 2 - h 0 - T 0 (s 2 ~s 0 ) = 3658.8 - 104.83 - (298)(7.6674 - 0.3672) = 1 378kJ/kg 

w out h 2 — h 3 3658.8-2635.5 . ^ 

= = = = 1.0 

w rev h 2 -h 3 -T 0 (s 2 -s 3 ) 3658.8 -2635.5 -(298)(7.6674 -7.6674) 
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8-101 Two rigid tanks that contain water at different states are connected by a valve. The valve is opened and steam flows 
from tank A to tank B until the pressure in tank A drops to a specified value. Tank B loses heat to the surroundings. The 
final temperature in each tank and the work potential wasted during this process are to be determined. 

Assumptions 1 Tank A is insulated and thus heat transfer is negligible. 2 The water that remains in tank A undergoes a 
reversible adiabatic process. 3 The thermal energy stored in the tanks themselves is negligible. 4 The system is stationary 
and thus kinetic and potential energy changes are negligible. 5 There are no work interactions. 

Analysis (a) The steam in tank A undergoes a reversible, adiabatic process, and thus s 2 = s^ From the steam tables (Tables 
A-4 through A-6), 

Tank A : 

= i/ / +X l v fg = 0.001084 + (0.8)(0.46242- 0.001084) = 0. 37015 m 3 /kg 
= u f + x l u fg = 604.22 + (0.8X1948.9) = 2163.3 kJ/kg 
= s f +x l s fg =1.7765 + (0.8X5.119l)= 5.8717 kJ/kg-K 


P ] = 400 kPa 
x x = 0.8 


> u l ,A 
S \,A 


^ 2 ,A - T sa t@300kPa -133.52°C 


P 2 = 300 kPa 
^2 = ^1 

(sat. mixture) J 


s 2,a ~ s f 5.8717-1.6717 


x XA = 


fg 


5.3200 


= 0.7895 


1 / 2A = v f + x 2tA v fg = 0.001073 + (0.7895)(0.60582- 0.001073)= 0.47850 m 3 /kg 
u 2A =u f +x 2 , A u fg = 561.1 l + (0.7895)(l982. 1 kJ/kg) = 2125.9 kJ/kg 


TankB : 

P x = 200 kPa 
T x = 250°C 


u XB = 1.1989 mVkg 
\u XB =273 1.4 kJ/kg 
s XB =7.7100 kJ/kg-K 


The initial and the final masses in tank A are 


1/ 


m l,A = 


A 


0.2m 3 


v 


and 


1 ,A 


0.37015 m 3 /kg 


= 0.5403 kg 


V 


m 2,A = 


A 


0.2m 


u 2,a 0.479m 3 /kg 


= 0.4180 kg 


900 kJ 


A 


/ — 

B 

l/= 0.2 m 3 

_a — 

m = 3 kg 

steam 


steam 

P = 400 kPa 


T=250°C 

X 

n 

p 

oo 


P = 200 kPa 


Thus, 0.540 - 0.418 = 0.122 kg of mass flows into tank B. Then, 
m 2 B = m x , B -0.122 = 3 + 0.122 = 3.122 kg 


The final specific volume of steam in tank B is determined from 


_ V B 
V 2,B ~ 

m 2,B 


Kv A _ (3kg)(l.l989m 3 /kg) 
m 2B 3.122 m 3 


= 1.152m 3 /kg 


We take the entire contents of both tanks as the system, which is a closed system. The energy balance for this stationary 
closed system can be expressed as 

^in — ^out — ^^system 

' ' ' l ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-<2 out = A U = (A U) A +(A U) B (since W = KE = PE = 0) 

-Gout =(m 2 u 2 ~m 1 u l ) A +(m 2 u 2 -m 1 u l ) B 

Substituting, 

-900 = {(0.418X2125.9)- (0.5403X2163.3)}+ |(3.122>< 2B - (3X2731.4)} 

u 2,b =2425.9 kJ/kg 
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Thus, 


8-95 


v 2 ,b =1.152m 3 /kg 
u 2B = 2425.9 kJ/kg 


T 2 ,b =110-1°C 

s 2B =6.9772 kJ/kg -K 


(Z?) The total entropy generation during this process is determined by applying the entropy balance on an extended system 
that includes both tanks and their immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. It gives 

c _ C _i_ c — AC 

u in ^out ^ u gen system 

Net entropy tnnsfer Entropy Change 
by heat and mass generation in entropy 

-T^ + S gen =AS A+ AS B 
1 b,surr 


Rearranging and substituting, the total entropy generated during this process is determined to be 
Sgen =AS a +AS b +^ HL = (m 2 5 2 -m l s l ) A +(m 2 s 2 +y^~ 

b,surr b,surr 

= {(0.418X5.8717)- (0.5403X5.8717)} + {(3.122X6.9772)-(3)(7.7100)}+ ^22^1 

273 K 

= 1.234 kJ/K 

The work potential wasted is equivalent to the exergy destroyed during a process, which can be determined from an exergy 
balance or directly from its definition X destroyed = TqS^ , 

^destroyed = T 0 S gen = (273 K)(1.234 kJ/K) = 337 kj 
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8-102E A cylinder initially filled with helium gas at a specified state is compressed polytropically to a specified temperature 
and pressure. The actual work consumed and the minimum useful work input needed are to be determined. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The cylinder is stationary and thus the kinetic and 
potential energy changes are negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression 
or expansion process is quasi-equilibrium. 5 The environment temperature is 70°F. 

Properties The gas constant of helium is R = 2.6805 psia.ftVlbm.R = 0.4961 Btu/lbm.R (Table A-1E). The specific heats of 
helium are c„ = 0.753 and c p = 1.25 Btu/lbm.R (Table A-2E). 

Analysis (a) Helium at specified conditions can be treated as an ideal gas. The mass of helium is 


m = 


PM (40 psia)(8 ft 3 ) 

RT X (2.6805 psia • ft 3 /lbm- R)(530 R) 


= 0.22521bm 


The exponent n and the boundary work for this polytropic process are 
determined to be 


m P2V2 


7 ', 7' 2 


p 2 w = M" 


-> (A =— — (/[ = t 3 ) = 3.364 ft 3 


P\ P 2 




V 7*1 y 


'*0 


(530 R)(140 psia) 

f 1 Af\\ f g \ n 


A 


140 
v40y 


3.364 


-> n = 1.446 


HELIUM 
8 ft 3 * 
P V n = const 


G 


Then the boundary work for this polytropic process can be determined from 


'y,,„ =-p w = 


P2V2-M mRfc-Tj 


1 — n 1 — n 

_ (0.2252 lbm)(0.4961 Btu/lbm- RX780 - 530)R _ 

1-1.446 


= 62.62 Btu 


Also, 


Thus, 


W sulT , in = -p 0 (i/ 2 -1/0 = -(14.7 psia)(3.364 - 8)ft 


^U,in ^bfn = 62.62 - 12.61 = 50.0Btll 


1 Btu 

5.4039psia • ft 


\ 


= 12.61 Btu 


(. b ) We take the helium in the cylinder as the system, which is a closed system. Taking the direction of heat transfer to be 
from the cylinder, the energy balance for this stationary closed system can be expressed as 


^in ^out — ^-^system 

' V ' , K ' 

Net energy traister C h an gein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

-Gout+^bin =A U =m(u 2 -u x ) 

-Gout =m{u 2 -u x )-w hia 

Gout =W b ,in -mc v { T 2 -7i) 

Substituting, 

Q om = 62.62 Btu - (0.2252 lbmX0.753 Btu/lbm- RX780 - 530)R = 20.69 Btu 

The total entropy generation during this process is determined by applying the entropy balance on an extended system that 
includes the cylinder and its immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. It gives 



Net entropy tnnsfer Entropy 
b y h eat an d mas s gen eratio n 


AS 


system 


Change 
in entropy 



T 

b,surr 
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where the entropy change of helium is 


A^sys - ^helium “ m 


f T p ^ 

c„ ave ln — -Rln — 

V M J 


= (0.2252 lbm) 

= -0.03201 Btu/R 


(1.25 Btu/lbm- R)ln^-^ - (0.4961 Btu/lbm- R)ln 140 pSia 


530 R 


40 psia 


Rearranging and substituting, the total entropy generated during this process is determined to be 
Sgen = AS helium + = (-0.03201 Btu/R) + 2 °f^ tU = 0.007022 Btu/R 

1 Q JjU XV 

The work potential wasted is equivalent to the exergy destroyed during a process, which can be determined from an exergy 
balance or directly from its definition X destroyed = T 0 S gen , 


^destroyed = ^gen = (530 R)(0.007022 Btu/R) = 3.722 Btu 

The minimum work with which this process could be accomplished is the reversible work input, Vk rev , in which can be 
determined directly from 

W K vin =W„, m -X destroyed = 50.0- 3.722 = 46.3Btu 

Discussion The reversible work input, which represents the minimum work input lT rev ,in in this case can be determined from 
the exergy balance by setting the exergy destruction term equal to zero, 

y _ V — Y ^*0 (reversible) _ \y , ti j _ y _ y 

^ in ^out ^destroyed — system ' v 'rev,in — ^2 

^ ^ J ^ V ^ ^ V ^ 

Net exergy transfer Exergy Change 

by heat, work, and mass destruction in exergy 

Substituting the closed system exergy relation, the reversible work input during this process is determined to be 

W KV =(U 2 -U 1 )~ T 0 (S 2 - SO + P 0 (V - V , ) 

= (0.2252 lbm)(0.753 Btu/lbm- R)(320 -70)°F- (530 R)(-0.03201 Btu/R) 

+ (14.7 psia)(3.364 - 8)ft 3 [Btu/5.4039psia • ft 3 ] 

= 46.7 Btu 

The slight difference is due to round-off error. 
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8-103 Steam expands in a two-stage adiabatic turbine from a specified state to specified pressure. Some steam is extracted at 
the end of the first stage. The wasted power potential is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The turbine is adiabatic and thus heat transfer is negligible. 4 The environment temperature is given to be T 0 = 
25°C. 

Analysis The wasted power potential is equivalent to the rate of exergy destruction during a process, which can be 
determined from an exergy balance or directly from its definition X destroyed = T 0 S gen . 

The total rate of entropy generation during this process is determined by taking the entire turbine, which is a control 
volume, as the system and applying the entropy balance. Noting that this is a steady-flow process and there is no heat 
transfer, 

^in - jout + ^gen = ^system^ = 0 

Rate of net entropy tansfer Rateof entropy Rateof change 
by heat and mass generation of entropy & 

m l s l —m 2 s 2 ~m 3 s 3 +S sea = 0 

m x s x -0.1 m x s 2 -0.9m 1 5 , 3 + S gen = 0— » S gen = m x [0.9s 3 + 0.1s 2 ~s x ] 


and ^destroyed = Vgen = T (_A [0.9s 3 + 0. ls 2 ~ .S', ] 
From the steam tables (Tables A-4 through 6) 


7 MPa 
400°C 


and 


P x = 7 MPa 
T x = 400°C 

P 2 =1.8 MPa 

S 2s = 


t!t 


h 

h \ 


~ h 2 
~ h 2s 


h x =3159.2kJ/kg 
s x = 6.4502 kJ/ kg -K 


\h 2s = 2831.3 kJ/ kg 


> h 2 = h x - rj T (h x -h 2s ) 



= 3159.2 - 0.88(3159.2 - 2831.3) 
= 2870.6 kJ/kg 


?2 

h 2 


= 1.8 MPa 
= 2870.6 kJ/kg 


\s 2 =6.5290 kJ/kg -K 


and 


P 3 = lOkPa 


x 3s = 


S 3s ~ s 


f 


fg 


6.64502 - 0.6492 
7.4996 


= 0.7735 


h 3s =h f +x 3s h fg =191.81 + 0.7735x2392.1 = 2042. 


1 kJ/kg 


h i 


Ht 


ky 


zh 

- K 


> h 3 =h x - rj T (h x -h 3s ) 

= 3159.2 - 0.88(3159.2 - 2042.1) 
= 2176.1 kJ/kg 


P 3 = lOkPa 
h 3 =2176.1 kJ/kg 


h fg 2392.1 

^ 3 = s f +x 3 s fg = 0.6492 + 0.8295 x 7.4996 = 6.8705 kJ/kg • K 


Substituting, the wasted work potential is determined to be 

X destroyed = To^gen = ( 2 ^8 K)(15 kg/s)(0.9 x 6.8705 + 0. 1 x 6.5290 - 6.4502)kJ/kg = 1726 kW 
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8-104 Steam expands in a two-stage adiabatic turbine from a specified state to another specified state. Steam is reheated 
between the stages. For a given power output, the reversible power output and the rate of exergy destruction are to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change 
with time. 2 Kinetic and potential energy changes are negligible. 3 
The turbine is adiabatic and thus heat transfer is negligible. 4 The 
environment temperature is given to be Tq = 25 °C. 

Properties From the steam tables (Tables A-4 through 6) 


Heat 


P x =8 MPa 
T x = 500°C 

P 2 = 2MPa 
T 2 = 350°C 

P 3 = 2MPa 
T 3 = 500°C 

P 4 = 30kPa 
x 4 = 0.97 


h { = 3399.5 kJ/ kg 
s x = 6.7266 kJ/ kg -K 

h 2 = 3 137.7 kJ/kg 
= 6.9583 kJ/ kg -K 

h 3 = 3468.3 kJ /kg 
' s 3 = 7.4337 kJ/ kg K 

h 4 = h f + x 4 h fg = 289.27 + 0.97 x 2335.3 = 2554.5 kJ/kg 
s 4 = Sf + x 4 s fg = 0.9441 + 0.97 x 6.8234 = 7.5628 kJ/kg • K 



Analysis We take the entire turbine, excluding the reheat section, as the system, which is a control volume. The energy 
balance for this steady-flow system can be expressed in the rate form as 


^in ^out 


= AP 


710 (steady) 


system 


= 0 


Rate of net energy traisfer Rate of changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in “ ^out 


mh l -\-mh 3 =rhh 2 +mh 4 + VF ( 


out 


^out = ^[(^1 -h 2 ) + (h 3 - h 4 )] 

Substituting, the mass flow rate of the steam is determined from the steady-flow energy equation applied to the actual 
process, 


W. 


m = 


out 


5000 kJ/s 


= 4.253 kg/s 


h l -h 2 +h 3 - h 4 (3399.5 - 3 137.7 + 3468.3 - 2554.5)kJ/kg 

The reversible (or maximum) power output is determined from the rate form of the exergy balance applied on the turbine 
and setting the exergy destruction term equal to zero, 

X -X. 


in 


out 


Y ^0 (reversible) _ a y 710 (steady) _ /~v 

destroyed “ ^ system — U 


Rate of net exergy traisfer 
by heat, work, and mass 


Rate of exergy 
destruction 


Rate of change 
of exergy 


^in ^out 


m W\ + m y/} = nu // 2 + m y/ A + W reVi0ut 

^rev.out = MWl - V 2 ) + '»(^ 3 “ V A ) 

= m[{\ - h 2 ) + T 0 (s 2 - jj) - Ake 710 - Ape 710 ] 
+ m[(h 3 - h 4 ) + T 0 (s 4 - s 3 ) - Ake 710 - Ape 710 ] 

Then the reversible power becomes 

^rev.out = '”[ /l l ~ h 2 + h i ~ h 4 + T 0 (*2 - *1 + *4 ~ *3 )] 

= (4.253 kg/s)[(3399. 5 - 3 1 37.7 + 3468.3 - 2554.5 )kJ/kg 
+(298 KK6.9583 - 6.7266 + 7.5628 - 7.4337)kJ/kg • K] 

= 5457 kW 

Then the rate of exergy destruction is determined from its definition, 


* deseed = ^tev.out ~W out = 5457-5000 = 457 kW 
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8-105 A well-insulated room is heated by a steam radiator, and the warm air is distributed by a fan. The average temperature 
in the room after 30 min, the entropy changes of steam and air, and the exergy destruction during this process are to be 
determined. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The kinetic and potential energy 
changes are negligible. 3 The air pressure in the room remains constant and thus the air expands as it is heated, and some 
warm air escapes. 4 The environment temperature is given to be T () = 10°C. 

Properties The gas constant of air is R = 0.287 kPa.m/kg.K (Table A-l). Also, c p = 1.005 kJ/kg.K for air at room 
temperature (Table A-2). 

Analysis We first take the radiator as the system. This is a closed system since no mass enters or leaves. The energy balance 
for this closed system can be expressed as 


^in ^out — A^system 

' v ' . ' ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 


-<2 0 ut - AU = m(u 2 -ii { ) (since W = KE = PE = 0) 
Gout = m(«i -«2 ) 


Using data from the steam tables (Tables A-4 through A-6), 
some properties are determined to be 


P x = 200 kPa 
T x = 200°C 


=1.0805 m 3 /kg 
>u x = 2654.6kJ/kg 

J s x = 7.5081 kJ/kg.K 


P 2 = 100 kPa ][/ f = 0.001043, i/ ? = 1.6941 m 3 /kg 
(y 2 = V \ ) J u f= 417.40, u Jg = 2088.2 kJ/kg 

s f = 1.3028 kJ/kg.K, s fg = 6.0562 kJ/kg.K 


S 


S 


10°C 

4mx4mx5m 



Steam 

radiator 


^2 1.0805-0.001043 n 

x 9 = = = 0.6376 

u fg 1.6941-0.001043 

u 2 = Uf +x 2 Uj g = 417.40 + 0.6376x 2088.2 = 1748.7 kJ/kg 
s 2 = s f + x 2 s fg = 1.3028 + 0.6376x6.0562 = 5.1639 kJ/kg.K 


(/, 0.015 m 3 

m = — = 

1.0805 m 3 /kg 


0.01388 kg 


Substituting, 

Q om = (0.01388 kg)( 2654.6 - 1748.7)kJ/kg = 12.58 kJ 
The volume and the mass of the air in the room are (/= 4x4x5 = 80 m 
and 

/ J V, (l00kPa)(80m 3 ) 

m air = = f 1 V 7 = 98.5 kg 

RT X (0.2870 kPa-m 3 /kg-Kj(283 K) 

The amount of fan work done in 24 min is 

Wfan,m = W fan?in At = (0. 150 kJ/s)(24 x 60 s) = 216 kJ 

We now take the air in the room as the system. The energy balance for this closed system is expressed as 

^in _ -^out — ^^system 
Gin +Wfen,in -W bj0ut = AU 

Gin +W'fan.in = AH =m Cp (T 2 ~T t ) 
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since the boundary work and A U combine into AH for a constant pressure expansion or compression process. It can also be 
expressed as 

(Gin +W imM )At = me pmg (T 2 -T x ) 

Substituting, 

(12.58 kJ) + (216 kJ) = (98.5 kg)(1.005 kJ/kg°C)(r 2 - 10)°C 
which yields 

T 2 = 12.3°C 

Therefore, the air temperature in the room rises from 10°C to 12.3°C in 24 minutes. 

( b ) The entropy change of the steam is 

Msteam = m(s 2 - .s', ) = ((10 1 388 kgX5. 1639-7.508l)kJ/kg-K = - 0.0325 kJ/K 

(c) Noting that air expands at constant pressure, the entropy change of the air in the room is 

T p <^o 285 3 K 

A.S' air = mc p In — — mR In — = (98.5 kg Xl. 005 kJ/kg- K)ln =0.8012 kJ/K 

Pj 283 K 

(d) We take the contents of the room (including the steam radiator) as our system, which is a closed system. Noting that no 
heat or mass crosses the boundaries of this system, the entropy balance for it can be expressed as 

c. _ c + c —AS’ 

^in ‘-'out 1 ‘-'gen ^ system 

Net entropy tnnsfer Entropy Change 

byheatandmass generation in entropy 

0 + S — AA steam + AAyjj. 

Substituting, the entropy generated during this process is determined to be 
S gen =AA steam +AS , air =-0.0325 + 0.8012 = 0.7687 kJ/K 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 

definition X d es troy e d — -^O^gen ’ 

destroyed = ^gen = (283 K)(0.7687 kJ/K) = 218 kJ 


Alternative Solution In the solution above, we assumed the air pressure in the room to remain constant. This is an extreme 
case, and it is commonly used in practice since it gives higher results for heat loads, and thus allows the designer to be 
conservative results. The other extreme is to assume the house to be airtight, and thus the volume of the air in the house to 
remain constant as the air is heated. There is no expansion in this case and thus boundary work, and c v is used in energy 
change relation instead of c p . It gives the following results: 

T 2 = 13.2°C 

^steam =w(5 2 -5i) = (0.01388 kgX5.1639-7.508l)kJ/kg-K = -0.0325 kJ/K 

<P0 

T (/ 286 2K 

AS air = mc v In — + mR In = (98.5 kg)(0.7 1 8 kJ/kg • K) In — = 0.7952 kJ/K 

Tj i/j 283 K 

S gQn = AS steam + AS^ r = -0.0325 + 0.7952 = 0.7627 kJ/K 
and 

^de SttD yed = T 0 S gen = (283 K)(0.7627 kJ/K) = 216 kJ 
The actual value in practice will be between these two limits. 
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8-106 An insulated cylinder is divided into two parts. One side of the cylinder contains N 2 gas and the other side contains He 
gas at different states. The final equilibrium temperature in the cylinder and the wasted work potential are to be determined 
for the cases of piston being fixed and moving freely. 


Assumptions 1 Both N 2 and He are ideal gases with constant specific heats. 2 The energy stored in the container itself is 
negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 


Properties The gas constants and the specific heats are R = 0.2968 kPa.nrVkg.K, c p = 1.039 kJ/kg-°C, and c v = 0.743 
kJ/kg °C for N 2 , and R = 2.0769 kPa.nrVkg.K, c p = 5.1926 kJ/kg °C, and c u = 3.1156 kJ/kg -°C for He (Tables A-l and A- 
2). 


Analysis The mass of each gas in the cylinder is 


m N, = 


™He = 


m 

v^Wn. 


'PM' 


(500 kPa)(l m 


0.2968 kPa • m 3 /kg • K j(353 K) 
(500 kPa)(l m 3 


RT X J He (2.0769 kPa-m 3 /kg-K (298 K) 


4.772 kg 
0.8079 kg 



Taking the entire contents of the cylinder as our system, the 1st law relation can be written as 


^in ^out system 

V v ' K ' 

Net energy trdnsfer Changein internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 = At/=(Af/) N2 +(At/) He 


0 = [me v (T 2 — T \ )] n 2 + [me v (T 2 -T, )] Hc 


Substituting, 

(4.772 kg)(o.743 kJ/kg-° cfr f -8o)° C + (0. 8079 kg)(3. 1 156 kJ/kg-° cfr f - 25)° C = 0 


It gives 


T f = 57.2°C 

where 7} is the final equilibrium temperature in the cylinder. 

The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 

( b ) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-insulated and thus 
there is no heat transfer, the entropy balance for this closed system can be expressed as 

c _ c _i_ v = AS’ 

^in ‘-’out ^ ^ gen system 

Net entropy tnnsfer Entropy Change 

by heat and mass generation in entropy 

0 + ^gen = ^S Ni +AS' He 


But first we determine the final pressure in the cylinder: 


r 


N 


total 


= A^ n +iVu. = 


He 


V 


m 

M 


r 


+ 


J N. 


m 

M 


J He 


4.772 kg 0.8079 kg 
28 kg/kmol 4 kg/kmol 


A total RJ _ (0.3724 kmol)(8.314kPa- m 3 /kmol- k)(330.2 k) 

^totai 2 m 3 


= 0.3724 kmol 


511.1kPa 


Then, 


A^n ~ 


m 


T ? P, 
c n In R In 


p 


r, 


p 


1 7n 


= (4. 772 kg) (l. 039 kJ/kg • K) In 33 °' 2 K - (0. 2968 kJ/kg • K) In 5 1 1 ‘ 1 kPa 


353 K 


500 kPa 


= -0.3628 kJ/K 
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AS He =m 


r T 2 

c In — 

v P T x 


R In 


Pn 


P 


1 / He 


= (o. 8079 kg 1 (5 . 1 926 kJ/kg • K) In 33 °' 2K - (2. 0769 kJ/kg • K) In 5 1 1 ' 1 kPa 


298 K 

S n „ =AS n +ASu„ = -0.3628 + 0.393 1 = 0.0303 kJ/K 


500 kPa 


= 0.3931 kJ/K 


gen 


He 


The wasted work potential is equivalent to the exergy destroyed during a process, and it can be determined from an exergy 
balance or directly from its definition 2f destroyed = T 0 S gen , 

-^destroyed = T 0 S gal = (298 K)(0.0303 kJ/K) = 9.03kJ 

If the piston were not free to move, we would still have T 2 = 330.2 K but the volume of each gas would remain constant in 
this case: 


AS N2 =m 


A5 He =m 


t 2 v 2 

c u In Rln — — 

T i K 

T x V x 


^0^ 


/ N- 




330 2 K 

= (4.772 kgX0.743 kJ/kg K) In- — = -0.2371 kJ/K 

353 K 


330 2 K 

= (0.8079 kg)(3. 1156 kJ/kg K) In- — = 0.258 kJ/K 


/He 


298 K 


S ntm =AS n , +AAu. = -0.2371 + 0.258 = 0.02089 kJ/K 


gen 


He 


and 


^destroyed = T 0 S ga = (298 K)(0.02089 kJ/K) = 6.23 kj 
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8-107 An insulated cylinder is divided into two parts. One side of the cylinder contains N 2 gas and the other side contains He 
gas at different states. The final equilibrium temperature in the cylinder and the wasted work potential are to be determined 
for the cases of piston being fixed and moving freely. 


Assumptions 1 Both N 2 and He are ideal gases with constant specific heats. 2 The energy stored in the container itself, 
except the piston, is negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 4 Initially, the piston is 
at the average temperature of the two gases. 

Properties The gas constants and the specific heats are R = 0.2968 kPa.m 3 /kg.K, c p = 1.039 kJ/kg-°C, and c v = 0.743 
kJ/kg °C for N 2 , and R = 2.0769 kPa.nrVkg.K, c p = 5.1926 kJ/kg °C, and c„ = 3.1156 kJ/kg °C for He (Tables A-l and A- 
2). The specific heat of copper piston is c = 0.386 kJ/kg °C (Table A-3). 


Analysis The mass of each gas in the cylinder is 



™He 


( m 1 

(500 kPa)(l m 3 ) 


f p lVl ) 

N2 (o. 2968 kPa • m 3 /kg • kJ 
(500 kPa)(l m 3 ) 

(353 K) 

( RT X J 

He (2.0769 kPa-m 3 /kg-K) 

353 K) 


Taking the entire contents of the cylinder as our system, the 
first-law relation can be written as 


= 4.772 kg 
= 0.8079 kg 



^in -^out ^-^system 

V ' - V ' 

Net energy transfer Changein internal, kinetic, 

by heat, work, and mass potential,etc. energies 

0 = A[/ = (Af/) N2+ (At/) He+ (At/) Cu 


0 = [me v (T 2 -7i)] N2 + [me v (T 2 -Ti)] He +[mc(T 2 -7i)] Cu 


where 


^i, Cu = (80 + 25)/2 = 52.5°C 
Substituting, 

(4.772 kg)(o.743 kJ/kg-° C \r f -8o)° C + (0.8079 kg (3. 1 156 kJ/kg-° cfr f - 25)° C 

+ (5.0 kg)(o.386 kJ/kg-° C \r f -52.5)° C = 0 


It gives 

7}=56.0°C 

where 7} is the final equilibrium temperature in the cylinder. 

The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 

( b ) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-insulated and thus 
there is no heat transfer, the entropy balance for this closed system can be expressed as 

c _ e _i_ c —AS 1 
^in ‘-'out 1 ‘-'gen ^ system 

Net entropy tnnsfer Entropy Change 

by heat and mass generation in entropy 

0 + ^gen = ASn 2 +^He + ^piston 


But first we determine the final pressure in the cylinder: 


N 


total 


— Am + N — 


V 


m 

M 


+ 


7 N' 


m 


4.772 kg 0.8079 kg 


= 0.3724 kmol 


P 2 = 


M ) He 28 kg/kmol 4 kg/kmol 

_ N toVdX RJ _ (0.3724 kmol )(8 . 3 1 4 kP a • m 3 /kmol • K )(3 29 K) _ 


t/, 


= 509.4 kPa 


total 


2 m 
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Then, 


T P 

A S N - m c n In — - R In — 

im 2 p r r n 

V M N- 


-(4.772 kg j (1.039 kJ/kg • K)ln - (0.2968 kJ/kg • K)ln 5 ° 9 ' 4 kPa - -0.3749 kJ/K 


353 K 


500 kPa 


T P 

AS Hp - m c n In — - R In — 

nc P r r n 

V M M7He 


I 329 K 

- (0.8079 kg] (5. 1926 kJ/kg • K)ln (2.0769 kJ/kg • K)ln 


353 K 


509.4 kPa 
500 kPa 


-0.3845 kJ/K 


piston = mcln 


piston 


329 K 

= (5 kg)(0.386 kJ/kg • K)ln = 0.021 kJ/K 

325.5 K 


S gen -A S No +AA He +A5 piston - -0.3749 + 0.3845 + 0.021 -0.03047 kJ/K 

The wasted work potential is equivalent to the exergy destroyed during a process, and it can be determined from an exergy 
balance or directly from its definition X destroyed = T 0 S gen , 

^destroyed = T 0 S gen = (298 K)(0. 03047 kJ/K) = 9.08 kj 

If the piston were not free to move, we would still have T 2 = 330.2 K but the volume of each gas would remain constant in 
this case: 


m c.. In R In — 

v P l/, 


m c.. In R In — 

v P (/, 


329 K 

= (4.772 kg)(0.743 kJ/kg • K)ln = -0.2492 kJ/K 

353 K 

329 K 

= (0.8079 kg)(3. 1 156 kJ/kg • K)ln = 0.2494 kJ/K 

353 K 


- ASV + AA He + AA piston - -0.2492 + 0.2494 + 0.021 - 0.02104 kJ/K 


^destroyed = T Q S gea = (298 K)(0.02104 kJ/K) = 6.27kJ 
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8-108E Argon enters an adiabatic turbine at a specified state with a specified mass flow rate, and leaves at a specified 
pressure. The isentropic and second-law efficiencies of the turbine are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Argon is an ideal gas with constant specific heats. 

Properties The specific heat ratio of argon is k- 1.667. The constant pressure specific heat of argon is c p = 0.1253 
Btu/lbm.R. The gas constant is R = 0.04971 Btu/lbm.R (Table A-2E). 

Analysis There is only one inlet and one exit, and thus n\ = = m . We take the isentropic turbine as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate 
form as 


^in - ^out 


= AE C 


710 (steady) 


system 


= 0 


1 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, wo rk, and mass potential, etc. energies 

-^in — -^out 


mh x - W SfOUt + mh 2s (since Q = Ake = Ape = 0) 


w s, 0 nt= rh (h 1 -h 2s ) 

From the isentropic relations, 

= (1760 R) 

v 200psia 

Then the power output of the isentropic turbine becomes 


T 2s = ?i 


v Pi j 


s . \ 0.667/1.667 

f 20psia 



= 700.5 R 


W soat = mc P i T i ~ r 2 , ) = ( 40 lbm/min)(0. 1253Btu/lbm- R)(1760 - 700.5)R 


Then the isentropic efficiency of the turbine is determined from 


f 


lhp 


42.41 Btu/min 


= 125. 2hp 


W. 


7It = 


fl,OUt 


w 


.S', out 


105 hp 
125.2 hp 


= 0.8385 = 83 . 9 % 


( b ) Using the steady-flow energy balance relation W a out = me p (T x -T 2 ) above, the actual turbine exit temperature is 
determined to be 


W 

^ouy _ 130 o°f - 


105 hp 


r 42.41 Btu/min^ 


me p (40 lbm/min)(0. 1253 Btu/lbm- R) 


lhp 


= 411.6°F = 871.6R 


The entropy generation during this process can be determined from an entropy balance on the turbine, 

+ S. 


c. _ c 

° in '“'out 


gen 


-AS ^° - 0 

— system — w 


Rate of net entropy tansfer Rateof entropy Rateof change 
by heat and mass generation of entropy & 

ms\ ~ ms 2 +5' gen =0 

5gen =m(s 2 -S i) 


where 


^2 ^1 


T, P, 

= c n In — - R In — 

" T x P x 

on i /: n 

= (0.1253 Btu/lbm - R)ln : 

1760 R 

= 0.02641 Btu/lbm.R 


(0.04971 Btu/lbm- R) In 2Qpsla 

200psia 
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The exergy destroyed during a process can be determined from an exergy balance or directly from its definition 

v _ j 1 e 

^ destroyed -* O^gen ’ 


^destroyed -^O^gen l ^l) 

= (40 lbm/min)(537 R)(0.02641 Btu/lbm- R) 
= 13.37 hp 

Then the reversible power and second-law efficiency become 
WUout =V ^,out + ^destroyed = !°5 + 13.37 = 1 18.4 lip 
and 

n n = = J2^P_ = 0.887 = 88 . 7 % 


lhp 


42.41 Btu/min 


W, 


rev,out 


118.4hp 
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8-109 The feedwater of a steam power plant is preheated using steam extracted from the turbine. The ratio of the mass 
flow rates of the extracted steam and the feedwater are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat loss from the device to the surroundings is negligible and thus heat transfer from the hot fluid is equal to 
the heat transfer to the cold fluid. 

Properties The properties of steam and feedwater are (Tables A-4 through A-6) 


P x =1.6 MPa 
T { = 250°C 

P 2 =1.6 MPa 
sat. liquid 


h { = 2919.9 kJ/kg 
s x = 6. 6753 kJ/kg -K 


Steam 

from 


© 


1.6 MPa 
250°C 


^2 - ^/@ i.6 MPa - 858.44 kJ/kg 


* S o — S 


f@ 1 


.6 MPa = 2.3435 kJ/kg • K 


T 2 =201.4°C 


P 3 = 4 MPa 
T 3 = 30°C 


P 4 = 4 MPa 


h 3 ~ h f@3o°c =129.37 kJ/kg 
^3 — ^/@3o°c =0-4355 kJ/kg -K 


b 4 —hf@\g\^c — 814.78 kJ/kg 


Sa = S 


f@ 191 


4> c =2. 2446 kJ/kg -K 


T 4 =T 2 - 10°C = 191.4°C 

Analysis (a) We take the heat exchanger as the system, which is a 
control volume. The mass and energy balances for this steady-flow 
system can be expressed in the rate form as follows: 

Mass balance (for each fluid stream): 

"'in “"'out = ^''system 710 "'in = "'out ^ "'l = " ? 2 = "C 



and m 3 = ra 4 = m^ v 


Energy balance (for the heat exchanger): 


E m ~ £out 


a 77 ^0 (steady) 

ZAZZ 'system 


= 0 


■> E in = £out 


Rate of net energy traisfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

m x h x + m 3 h 3 = m 2 h 2 + m 4 h 4 (since Q = W = Ake = Ape = 0) 
Combining the two, m s ( h 2 — h { ) = m ^ (h 3 - h 4 ) 

Dividing by and substituting, 

m s h 3 -h 4 (129.37- 8 14.78)kJ/kg 


m fiv h 2 -\ (858.44 -2919.9)kJ/kg 


= 0.3325 


( b ) The entropy generation during this process per unit mass of feedwater can be determined from an entropy balance on the 
feedwater heater expressed in the rate form as 


5 * in *5 ou t 


+ 


gen 


= A S’ < ^° = 0 

system y} 


Rate of net entropy tnnsfer Rateof entropy Rateof change 
by heat and mass generation of entropy & 

m l s l -m 2 s 2 +m 3 s 3 -m 4 s 4 + S„ en = 0 
m s (s { —s 2 ) + m fw (s 3 -s 4 ) + S gen = ° 

S 

(s 2 - s x ) + (s 4 - s 3 ) : = (0.3325)(2.3435 - 6.6753) + (2.2446 - 0.4355) = 0. 3688 kJ/K ■ kg fw 

m fw m jw 

Noting that this process involves no actual work, the reversible work and exergy destruction become equivalent since 


y, , = w -W 

destroyed r r rev, out r r act, out 


W = X 1 

rr rev, out destroyed* 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 

definition X destroyed -^O^gen ’ 

^destroyed = T 0 S gea = ( 298 K)(0.3688 kJ/K • kgfw) = 1 09.9kJ/kg feedwater 
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Problem 8-109 is reconsidered. The effect of the state of the steam at the inlet of the feedwater heater on the 


ratio of mass flow rates and the reversible power is to be investigated. 
Analysis Using EES, the problem is solved as follows: 


"Input Data" 

"Steam (let st=steam data):" 

Fluid$- Steam IAPWS' 

T_st[1]=250 [C] 

{P_st[1]=1600 [kPa]} 

P_st[2] = P_st[1] 

x_st[2]=0 "saturated liquid, quality = 0%" 

T_st[2]=temperature(steam, P=P_st[2], x=x_st[2]) 

"Feedwater (let fw=feedwater data):" 

T_fw[1]=30 [C] 

P_fw[1]=4000 [kPa] 

P_fw[2]=P_fw[1] "assume no pressure drop for the feedwater" 
T_fw[2]=T_st[2]-1 0 

"Surroundings:" 

T_o = 25 [C] 

P_o = 100 [kPa] "Assumed value for the surrroundings pressure" 
"Conservation of mass:" 

"There is one entrance, one exit for both the steam and feedwater." 
"Steam: m_dot_st[1] = m_dot_st[2]" 

"Feedwater: mdotfw[1] = m dot fw[2]" 

"Let m_ratio = m_dot_st/m_dot_fw" 

"Conservation of Energy:" 

"We write the conservation of energy for steady-flow control volume 
having two entrances and two exits with the above assumptions. Since 
neither of the flow rates is know or can be found, write the conservation 
of energy per unit mass of the feedwater." 

EJn - E_out =DELTAE_cv 
DELTAE_cv=0 "Steady-flow requirement" 

EJn = m_ratio*h_st[1] + h_fw[lj 
h_st[1]=enthalpy(Fluid$, T=T_st[1], P=P_st[1]) 
h_fw[1]=enthalpy(Fluid$,T=T _fw[1], P=P_fw[1]) 

E_out = m_ratio*h_st[2] + h Jw[2] 
h fw[2]=enthalpy(Fluid$, T=T_fw[2], P=P_fw[2]) 
h_st[2]=enthalpy(Fluid$, x=x_st[2], P=P_st[2]) 

"The reversible work is given by Eq. 7-47, where the heat transfer is zero 
(the feedwater heater is adiabatic) and the Exergy destroyed is set equal 
to zero" 

W_rev = m_ratio*(Psi_st[1]-Psi_st[2]) +(PsiJw[1]-Psi_fw[2]) 
Psi_st[1]=h_st[1]-h_st_o -(T o + 273)*(s_st[1]-s_st_o) 
s_st[1]=entropy(Fluid$,T=T_st[1], P=P_st[1]) 
h_st_o=enthalpy(Fluid$, T=T o, P=P_o) 
s_st_o=entropy(Fluid$, T=T_o, P=P_o) 

Psi_st[2]=h_st[2]-h_st_o -(T_o + 273)*(s_st[2]-s_st_o) 
s_st[2]=entropy(Fluid$,x=x_st[2], P=P_st[2]) 

Psi Jw[1 ]=h_fw[1 ]-h _fw_o -(T o + 273)*(s_fw[1]-sJw_o) 
h_fw_o=enthalpy(Fluid$, T=T_o, P=P_o) 
sJw[1]=entropy(Fluid$,T=T _fw[1], P=P_fw[1]) 
s_fw_o=entropy(Fluid$, T=T_o, P=P_o) 

Psijw[2]=h fw[2]-h _fw_o -(T_o + 273)*(sjw[2]-s Jw_o) 
sJw[2]=entropy(Fluid$,T=T fw[2], P=P_fw[2]) 
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[kJ/kg] m rati0 [kg/kg] 


8-110 


P St, 1 

[kPa] 

m ratio 

fkfl/kal 

w rev 

fkJ/kfii 

200 

0.1361 

42.07 

400 

0.1843 

59.8 

600 

0.2186 

72.21 

800 

0.2466 

82.06 

1000 

0.271 

90.35 

1200 

0.293 

97.58 

1400 

0.3134 

104 

1600 

0.3325 

109.9 

1800 

0.3508 

115.3 

2000 

0.3683 

120.3 



P st[1] t kPa l 



p st[i] t kPa 3 
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8-111 


8-111 A 1-ton (1000 kg) of water is to be cooled in a tank by pouring ice into it. The final equilibrium temperature in the 
tank and the exergy destruction are to be determined. 

Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the water tank is negligible. 3 There 
is no stirring by hand or a mechanical device (it will add energy). 


Properties The specific heat of water at room temperature is c = 4. 1 8 kJ/kg °C, and the specific heat of ice at about 0°C is 
c = 2.1 1 kJ/kg °C (Table A-3). The melting temperature and the heat of fusion of ice at 1 atm are 0°C and 333.7 kJ/kg.. 


Analysis (a) We take the ice and the water as the system, and 
disregard any heat transfer between the system and the surroundings. 
Then the energy balance for this process can be written as 


^in ^out 

V 

Net en erg y trai s fer 
by heat, work, and mass 


A F 

system 

s. J 

V 

Changein internal, kinetic, 
potential, etc. energies 


0 = AU 


0 = Af/- +A U 


ice 


water 


[mc(0° C — T, ) soMd + mh if + mc(T 2 -0°C) liquid ] ice +[mc(T 2 - T\ )] water =0 



Substituting, 


(80 kg) {(2. 1 1 kJ/kg-° C)[0 - (-5)]° C + 333 .7 kJ /kg + (4. 1 8 kJ /kg-° C )(T 2 - 0)° C} 

+(1 000 kg)(4. 1 8 kJ / kg-° C )(T 2 - 20)° C = 0 


It gives 

T 2 = 12.42°C 

which is the final equilibrium temperature in the tank. 

( b ) We take the ice and the water as our system, which is a closed system .Considering that the tank is well-insulated and 
thus there is no heat transfer, the entropy balance for this closed system can be expressed as 

c _ c i c = AS 
yin ‘-'out 1 ‘-'gen ^ system 

Net entropy tnnsfer Entropy Change 

byheatandmass generation in entropy 

0 + S gen — A S^ ce + A S water 

where 

water — 

A^ice = 


Then, S gen = AA water +AS lce = -109.590 + 115.783 = 6.193 kJ/K 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 

definition ^destroyed — TqS g en , 

destroyed = ^O^gen = (293 K)(6. 193 kJ/K) = 1815 kJ 


me In 


h 

r, 


i j 


water 


283 42 K 

= (1000 kg)(4. 18 kJ/kg -K)ln ‘ = -109.590 kJ/K 


(as solid + AS 


melting ASjjq U jd /]lce 


me In 


T 




melting 

r, 


mh, 


+ 


'g 


T r 


+ 


solid 


me In 


77 

r, 


1 lic l uid / ice 


285.42 K 


(80 kg|(2. 1 1 kJ/kg . K)!n |7| + + (4.18 kJ/kg . K>n 273 K 

1 15.783 kJ/K 


7 
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8-112 


8-112 The heating of a passive solar house at night is to be assisted by solar heated water. The amount of heating this water 
will provide to the house at night and the exergy destruction during this heat transfer process are to be determined. 

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the glass 
containers themselves is negligible relative to the energy stored in water. 3 The house is maintained at 22°C at all times. 4 
The outdoor temperature is given to be 5°C. 

Properties The density and specific heat of water at room temperature are p = 997 kg/m and c = 4.18 kJ/kg- °C (Table A- 
3). 

Analysis The total mass of water is 

m w =pV = (997 kg/m 3 |o.350m 3 )= 348.95 kg 

The amount of heat this water storage system can provide is determined 
from an energy balance on the 350-L water storage system 

F - F = A F 

^ in ^ out system 

^ v J v V ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Qout — ^^system = mc(T 2 -T x ) 

water 

Substituting, 

Q out = (348.95 kg)(4. 18 kJ/kg • °C)(45 - 22)°C = 33,548 kJ = 33,550 kj 



The entropy generated during this process is determined by applying the entropy balance on an extended system that 
includes the water and its immediate surroundings so that the boundary temperature of the extended system is the 
environment temperature at all times. It gives 



Net entropy tnnsfer 
by heat and mass 



Entropy 

generation 


= AS 


system 


Change 
in entropy 


Q 


out 


r, 




gen 


b,out 


= AS 


water 


Substituting, 


^gen water ~*~ 


Q 


out 


Z 


b,out 


me In 


h 

r, 


+ 


Q 


out 


1 J w; 


water 


z 


room 


= (348.95 kg)(4. 18 kJ/kg • K)ln 


295 K 33,548 kJ 
318 K 295 K 


= 4.215 kJ/K 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 

definition ^destroyed — TqS g Qn , 


-^destroyed = ^O^gen = (278 K)(4.215 kJ/K) = 1172 kj 
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8-113 


8-113 The heating of a passive solar house at night is to be assisted by solar heated water. The length of time that the electric 
heating system would run that night, the exergy destruction, and the minimum work input required that night are to be 
determined. 


Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the glass 
containers themselves is negligible relative to the energy stored in water. 3 The house is maintained at 22°C at all times. 4 
The environment temperature is given to be T 0 = 5°C. 

Properties The density and specific heat of water at room temperature are p = 1 kg/L and c = 4.18 kJ/kg °C (Table A-3). 
Analysis ( a ) The total mass of water is 

m w =pV = (l kg/L)(50 x 20 L) = 1000 kg 

Taking the contents of the house, including the water as our system, the 
energy balance relation can be written as 


^in ^out 

V 

Net en erg y ton s fer 
by heat, work, and mass 


A E B 


system 


Changein internal, kinetic, 
potential, etc. energies 


710 


We,in -e out = A U= (A t/) water +(A U). du 

= (At/) water mc(T 2 - T i) 

water 


or 


W e,in At ~ Qout = [mc(T 2 ~T { )] water 


50,000 kJ/h 



Substituting, 

(15 kJ/s)A t - (50,000 kJ/h)( 1 0 h) = (1000 kg)(4.18 kJ/kg °C)(22 - 80)°C 

It gives 

At = 17,170 s = 4.77 h 

( b ) We take the house as the system, which is a closed system. The entropy generated during this process is determined by 
applying the entropy balance on an extended system that includes the house and its immediate surroundings so that the 
boundary temperature of the extended system is the temperature of the surroundings at all times. The entropy balance for the 
extended system can be expressed as 

c _ c _i_ c — AC 

‘ J in ‘“'out ' ‘“'gen u system 

Net entropy tnnsfer Entropy Change 

by heat and mass generation in entropy 


Q 


out 


r, 


‘Sgen “ water + AS air 


<P0 


b,out 


= AS 


water 


since the state of air in the house remains unchanged. Then the entropy generated during the 10-h period that night is 


Sgen A S water ~*~ 


Q 


out 


Tx 


b,out 


me In 


h 


+ 


Q 


out 


1 7 water 


Tr 


= (1000 kg)(4. 1 8 kJ/kg • K)ln 


295 K 500,000 kJ 


353 K 


278 K 


= 1048 kJ/K 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition -A destroyed — -^O^gen ’ 

^destroyed = ^gen = (278 K)(1048 kJ/K) = 291,400 kJ 


(c) The actual work input during this process is 

W ac t,in = Vk act?in A t = (15 kJ/s)(17, 170 s) = 257,550 kJ 

The minimum work with which this process could be accomplished is the reversible work input, W rev , in- which can be 
determined directly from 

W re v,in =W ac ,in " ^ destroyed = 257,550-291,400 = -33, 850kJ 
W re v.out = 33,850kJ = 9.40 kWh 

That is, 9.40 kWh of electricity could be generated while heating the house by the solar heated water (instead of consuming 
electricity) if the process was done reversibly. 
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8-114 


8-114 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill the bottle. The 
amount of heat transfer through the wall of the bottle when thermal and mechanical equilibrium is established and the 
amount of exergy destroyed are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas. 3 Kinetic 
and potential energies are negligible. 4 There are no work interactions involved. 5 The direction of heat transfer is to the air 
in the bottle (will be verified). 

Properties The gas constant of air is 0.287 kPa.m/kg.K (Table A-l). 

Analysis We take the bottle as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, the 
mass and energy balances can be expressed as 

Mass balance : m in - m ouX = Am tem -> m,- = m 2 (since m out = /« initial = 0) 


Energy balance : 


^in -^out 

y J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V 

Changein internal, kinetic, 
potential, etc. energies 


Gin + m , h i = m 2 ll 2 ( since W = £ out = £ initial = ke = pe s 0) 


Combining the two balances'. 

Gi„ =m 2 (u 2 -h i ) 


where 


= 


P 2 V 


(100 kPa)(0.020 m 


RT 2 10.287 kPa • m 3 /kg • K 1(298 K) 


= 0.02338kg 


T t =T 2 = 298 K TableA17 > hi “ 298 ' 1 8 kJ/kg 

u 2 = 212.64 kJ/kg 


100 kPa 



Substituting, 

Q in = (0.02338 kg)(2 12.64 - 298.18) kJ/kg = - 2.0 kJ -> Q out = 2.0 kj 

Note that the negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we reversed the 
direction. 

The entropy generated during this process is determined by applying the entropy balance on an extended system 
that includes the bottle and its immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. The entropy balance for it can be expressed as 

^in -Sput ^gen = ^system 

Net entropy tnnsfer Entropy Change 

by heat and mass generation in entropy 

^OUt . rr * rr <P0 

m i*i -- — + Sgen = A5 tank =m 2 s 2 -m x s x =m 2 s 2 
b,in 


Therefore, the total entropy generated during this process is 

S gen =-m i s i + ,n 2 s 2+ ^ = m 2 {s 2 s, )^° + = |^ = ^ = 0. 00671 1 kJ/K 

^b,out -* b,out ^ surr ^ 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition ^d es troy e d — -^o^gen » 


^destroyed = ^O^gen = (298 K)(0. 00671 1 kJ/K) = 2.0kJ 
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8-115 


8-115 Argon gas in a piston-cylinder device expands isothermally as a result of heat transfer from a furnace. The useful 
work output, the exergy destroyed, and the reversible work are to be determined. 

Assumptions 1 Argon at specified conditions can be treated as an ideal gas since it is well above its critical temperature of 
151 K. 2 The kinetic and potential energies are negligible. 

Analysis We take the argon gas contained within the piston-cylinder device as the system. This is a closed system since no 
mass crosses the system boundary during the process. We note that heat is transferred to the system 

from a source at 1200 K, but there is no heat exchange with the environment at 300 K. Also, the temperature of the system 
remains constant during the expansion process, and its volume doubles, that is, T 2 -T\ and V 2 - 2 V). 

(i a ) The only work interaction involved during this isothermal process is the quasi-equilibrium boundary work, which is 
determined from 


W=W h = \pdV = PM In ^ = (350 kPa)(0.0 1 m 3 )ln {] ' Q2m = 2.43 kPa • m 3 
J M 0.01m 3 


2.43 kJ 


This is the total boundary work done by the argon gas. Part of this work is done against the atmospheric pressure P 0 to push 
the air out of the way, and it cannot be used for any useful purpose. It is determined from 

W sua =P 0 (V 2 - (/j ) = (100 kPa)(0.02 - 0.01)m 3 =lkPa-m 3 =lkJ 

The useful work is the difference between these two: 

W u = W -W sur[ = 2.43 -1 = 1. 43kJ 


That is, 1.43 kJ of the work done is available for creating a useful effect such as rotating a shaft. Also, the heat transfer from 
the furnace to the system is determined from an energy balance on the system to be 


^in ^out 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V 

Changein internal, kinetic, 
potential,etc. energies 


Gin - Gb,out = A U = mc v AT = 0 


Gin =Gb,out = 2.43 kJ 


(b) The exergy destroyed during a process can be determined from an exergy balance, or directly from X des troyed = ToS gen . We 
will use the second approach since it is usually easier. But first we determine the entropy generation by 

applying an entropy balance on an extended system (system + immediate surroundings), which includes the temperature 
gradient zone between the cylinder and the furnace so that the temperature at the boundary where heat 


transfer occurs is T R = 1200 K. This way, the entropy generation associated with the heat transfer is included. Also, the 
entropy change of the argon gas can be determined from 0/T sys since its temperature remains constant. 



Net entropy tnnsfer Entropy 

by heat and mass generation 


system 

y j 

v 

Change 
in entropy 


Q_ 

t r 




Q_ 

T sys 


Therefore, 


and 



Q_ 

T sys 


Q_ 

Tr 


2.43 kJ 
400 K 


2 ' 43 kJ = 0.00405 kJ/K 
1200 K 


X dest = 7’oVen = (30() KX0.00405 kJ/K) = 1 .22kJ 


(c) The reversible work, which represents the maximum useful work that could be produced Wrev,out, can be determined 
from the exergy balance by setting the exergy destruction equal to zero, 
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8-116 


.Xin-Xout -X 

Net ex erg y traisfer 
by heat, work, and mass 


710 (reversible) 


destroyed 


Ex erg y 
destruction 


1- 


Tr 


Z 


Q-w , 


— AY 

system 

X J 

v 

Change 
in ex erg y 


rev, out ^2 Xj 


b J 


= (U 2 -U l ) + P Q (f/ 2 -f/ l )-T 0 (S 2 -S l ) 

Q 


= 0 + W sua -T 0 


T 


sys 


since AKE = APE = 0 and AU = 0 (the change in internal energy of an ideal gas is zero during an isothermal process), and 
AS sys = QIT>.ys for isothermal processes in the absence of any irreversibilities. Then, 


^rev,out ^0 


Q 


T 


-W + 

rr surr 1 


sys 


1- 


Tr 


T 


R J 


- (300 K) 


2.43kJ 
400 K 


- (1 kJ) + 


Q 


1- 


300 K 
1200 K 


(2.43 kJ) 


= 2.65kJ 


Therefore, the useful work output would be 2.65 kJ instead of 1.43 kJ if the process were executed in a totally reversible 
manner. 

Alternative Approach The reversible work could also be determined by applying the basics only, without resorting to exergy 
balance. This is done by replacing the irreversible portions of the process by reversible ones that create the same effect on 
the system. The useful work output of this idealized process (between the actual end states) is the reversible work. The only 
irreversibility the actual process involves is the heat transfer between the system and the furnace through a finite temperature 
difference. This irreversibility can be eliminated by operating a reversible heat engine between the furnace at 1200 K and the 
surroundings at 300 K. When 2.43 kJ of heat is supplied to this heat engine, it produces a work output of 


^HE “ IrevO-H ~ 


1- Tl 


T 


Qh = 


H J 


1- 


300 K 
1200 K 


(2.43 kJ) = 1 . 82 kJ 


The 2.43 kJ of heat that was transferred to the system from the source is now extracted from the surrounding air at 300 K by 
a reversible heat pump that requires a work input of 




Q 


H 


Q 


H 


2.43 kJ 


HP, in 


= 0.61 kJ 


COP H p T h /(T h - T l ) (400 K) /(400 - 300)K 

Then the net work output of this reversible process (i.e., the reversible work) becomes 


W rev =W U +WV -WHp jln = 1.43 + 1.82 -0.61 = 2.64 kJ 


which is practically identical to the result obtained before. Also, the exergy destroyed is the difference between the 
reversible work and the useful work, and is determined to be 

*dest =W rev , out -W u . out =2.65 -1.43 = 1.22 kJ 

which is identical to the result obtained before. 
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8-117 


8-116 A heat engine operates between two constant-pressure cylinders filled with air at different temperatures. The 
maximum work that can be produced and the final temperatures of the cylinders are to be determined. 


Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is 0.287 kPa.m Vkg.K (Table A-l). The constant pressure specific heat of air at room 
temperature is c p = 1.005 kJ/kg.K (Table A-2). 

Analysis For maximum power production, the entropy generation must be zero. We take the two cylinders (the heat source 
and heat sink) and the heat engine as the system. Noting that the system involves no heat and mass transfer and that the 
entropy change for cyclic devices is zero, the entropy balance can be expressed as 


e _ e + c — AS 1 
°in J out ^ °gen ^system 

^ v ' r V v J ^ V ' 

Net entropy tan sfer Entropy Change 
b y h eat an d mas s g en eratio n in en tro p y 


^^cylinder,source cylinder,sink ^ 


t 2 

me „ In mR In 


T 


h 

p 




+ 0 + 


/source 


t 2 

me „ In mR In 


r, 


p 




= 0 


sink 


In 


h_Ii_ 

A T\ B 


= 0 


* t 2 - T\ A T lB 


where P 1A and P 1B are the initial temperatures of the source and the sink, 
respectively, and T 2 is the common final temperature. Therefore, the final 
temperature of the tanks for maximum power production is 



T 2 = Jt ia T ib = V( 900KX300K) = 519.6K 


The energy balance E in - E out = A P system for the source and sink can be expressed as follows: 
Source: 

~ 2source,out ^ b,in ~ ^ 2 S ource,out — ~ p (^1 A ~ ^2 ) 

2source,out = me p Via ~ T i ) = (30 kg)(l . 005 kJ/kg • K)(900 -519. 6)K = 1 1 ,469 kJ 

Sink: 

Gsinkin ~ W b,out =MJ ^ e sinkin = A H= mc p (T 2 -T 1a ) 


Gsinkin = mc p (T 2 -T 1b ) = (30 kg)(l . 005 kJ/kg • K)(5 19. 6 - 300)K = 6621kJ 


Then the work produced becomes 

^max.out =Qh ~Ql= Source, out “ Gsinkin = 1 l 469 ~ 662 I = 4847 kJ 
Therefore, a maximum of 4847 kJ of work can be produced during this process 
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8-118 


8-117 A heat engine operates between a nitrogen tank and an argon cylinder at different temperatures. The maximum work 
that can be produced and the final temperatures are to be determined. 

Assumptions Nitrogen and argon are ideal gases with constant specific heats at room temperature. 

Properties The constant volume specific heat of nitrogen at room temperature is c v = 0.743 kJ/kg.K. The constant pressure 
specific heat of argon at room temperature is c p = 0.5203 kJ/kg.K (Table A-2). 

Analysis For maximum power production, the entropy generation must be zero. We take the tank, the cylinder (the heat 
source and the heat sink) and the heat engine as the system. Noting that the system involves no heat and mass transfer and 
that the entropy change for cyclic devices is zero, the entropy balance can be expressed as 


S' — V + V 7,0 — AS 1 

°in °out ^ ° gen ^system 

^ v ' r V v ' ~~ v ' 

Net entropy tan sfer Entropy Change 

b y h eat an d mas s g en eratio n in en tro p y 


n i c 7,0 -ac _i_ a c +AS 1 7,0 

gen tank,source ' cylinder, sink ' heat engine 


( A ^) source + S \ink ~ 0 


t 2 V, 

me.. In mR In 


<^o 


r, 




+ o+ 


t 2 

me „ In mR In 


p 


r, 


source 


h 

p 




= o 


sink 


Substituting, 


T 


To 


(30 kg)(0.743 kJ/kg • K)ln — + (15 kg)(0.5203 kJ/kg • K)ln — = 0 


900 K 


300 K 


Solving for T 2 yields 

T 2 = 676.9 K 



where T 2 is the common final temperature of the tanks for maximum power production. 


The energy balance E m -E out = A£ system 


for the source and sink can be expressed as follows: 


Source : 

-Gsourceput = AU=mc v (T 2 -T ]A ) e sourceput =mc v {T iA - T 2 ) 

2souiceput = (T 1A ~T 2 ) = (30 kg)(0.743 kJ/kg • K)(900 - 676.9)K = 4973 kJ 

Sink: 


Gsinkjn -Wb,out = A U ^ e sinkln = A H = me p (T 2 - T 1A ) 

Minkin = (T 2 -T ia ) = (15 kg)(0.5203 kJ/kg • K)(676.9 - 300)K = 2941 kJ 

Then the work produced becomes 

^max,out Qh Ql £2sourceput Gsinkin =4973 -2941 = 2032 kJ 
Therefore, a maximum of 2032 kJ of work can be produced during this process. 
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8-119 


8-118 A rigid tank containing nitrogen is considered. Nitrogen is allowed to escape until the mass of nitrogen becomes one- 
half of its initial mass. The change in the nitrogen's work potential is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. 2 Kinetic 
and potential energies are negligible. 3 There are no work interactions involved. 4 Nitrogen is an ideal gas with constant 
specific heats. 


Properties The properties of nitrogen at room temperature are c p = 1.039 kJ/kg-K, 
c u = 0.743 kJ/kg-K, k = 1.4, and R = 0.2968 kJ/kg-K (Table A-2a). 

Analysis The initial and final masses in the tank are 


P V (lOOOkPaXO.lOOm 3 ) 

m 1 = = = 1.150 kg 

RT t (0.2968 kPa-m 3 /kg-K)(293K) 


m 2 = m e 


m x 

2 


1.150 kg 
2 


0.575 kg 


Nitrogen 
100 L 
1000 kPa 
20°C 



m e 


We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the microscopic 
energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, the mass and 
energy balances for this uniform-flow system can be expressed as 

Mass balance : 


™in _m out = ^system m e = m 2 


Energy balance : 

^in — -^out — ^-^system 

3 v / ' V ' 

Net energy tnnsfer Changein intemal,kinetic, 
by heat, work, and mass potential, etc. energies 

— m e h e =m 2 u 2 — m x u x 

Using the average of the initial and final temperatures for the exiting nitrogen, this energy balance equation becomes 

—m e h e =m 2 u 2 —m x u x 
-m e CpT e = m 2 cj 2 -m x cj x 

- (0.575X1 .039X0.5)(293 + r 2 ) = (0.575)(0.743)r 2 -(1.150)(0.743)(293) 

Solving for the final temperature, we get 
T 2 = 224.3 K 


The final pressure in the tank is 



m 2 RT 2 

V 


(0.575 kgXO-2968 kPa • m 3 /kg ■ K)(224.3 K) 
0.100 m 3 


382.8 kPa 


The average temperature and pressure for the exiting nitrogen is 
T e = 0.5 (T x +T 2 ) = 0.5(293 + 224.3) = 258.7 K 


p e =0.5 (P x +P 2 ) = 0.5(1000' +382.8) = 691.4 kPa 

The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction 
during a process can be determined from an exergy balance or directly from its definition X destIX)yed = T 0 5 gen . The entropy 

generation 5g C n in this case is determined from an entropy balance on the system: 

^in ~ ^out + ^gen “ ^system 

Net entropy tnnsfer Entropy Change 

by heat and mass generation in entropy 

-m e s e +S sm =AS t!mk =m 2 s 2 -m l s l 
Seen = m 2 s 2 ~m l s l +m e s e 
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Rearranging and substituting gives 

Sgen = m 2 s 2- m \ s \+ m e s e 

= m 2 {c p In T 2 - R In P 2 ) - m l (c p In T x -R\nP l ) + m e (c p In T e - R In P e ) 

= (0.575)[l.0391n(224.3)- (0.2968) ln(382.8)]-(1.15)[l.0391n(293)- (0.2968) ln(1000)] 

+ C0.575)[l .039111(258.7) - (0.2968) ln(691.4)] 

= 2.2188- 4.4292 + 2.2032 = -0.007 1 52 kJ/K 

Then, 

W rev = ^destroyed = ^gcn = (293 K)(-0.007152 kJ/K) = -2.1 OkJ 

The entropy generation cannot be negative for a thermodynamically possible process. This result is probably due to using 
average temperature and pressure values for the exiting gas and using constant specific heats for nitrogen. This sensitivity 
occurs because the entropy generation is very small in this process. 


Alternative More Accurate Solution 


This problem may also be solved by considering the variation of gas temperature and pressure at the outlet of the 
tank. The mass balance in this case is 


171 e = 


dm 

dt 


which when combined with the reduced first law gives 

d(mu) _ dm 

= h 

dt dt 

Using the specific heats and the ideal gas equation of state reduces this to 

( / dP dm 

c v = c n T 

R dt p dt 

which upon rearrangement and an additional use of ideal gas equation of state becomes 

1 dP C P 1 dm 

P dt c v m dt 

When this is integrated, the result is 


P 2 =P l 


'l 

K 

rn 

Z. | 

= 1000 


l m i J 




= 378.9 kPa 


The final temperature is then 


T 2 = 


P 2 V 


(378.9 kPa)(0. 100 m 3 ) 
m 2 R (0.575 kg)(0.2968 kPa • m 3 /kg • K) 

The process is then one of 


= 222.0 K 


k k - 1 

m m 

= const or 


— = const 

P T 

The reduced combined first and second law becomes 

• d(U-T 0 S) dm 

= + (h-T 0 s) 


rev 


dt 


dt 


when the mass balance is substituted and the entropy generation is set to zero (for maximum work production). Replacing 
the enthalpy term with the first law result and canceling the common dU/dt term reduces this to 
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Now, multiplying the combined first and second laws by dt and integrating the result gives 

2 2 

= T 0 j* mds = T 0 J mds\(k - 1 )c p - Rk\lm 

l l 

= T 0 \(k-l)c p -Rk\m 2 -m ] ) 

= (293)[( 1 .4 - 1)(1 .039) - (0.2968X1 ,4)](0.575 -1.15) 

= -0.01 35kJ 


Once again the entropy generation is negative, which cannot be the case for a thermodynamically possible process. This is 
probably due to using constant specific heats for nitrogen. This sensitivity occurs because the entropy generation is very 
small in this process. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



8-122 


8-119 A pressure cooker is initially half-filled with liquid water. It is kept on the heater for 30 min. The amount water that 
remained in the cooker and the exergy destroyed are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of water vapor leaving the cooker remains constant. 2 Kinetic and 
potential energies are negligible. 3 Heat loss from the cooker is negligible. 


Properties The properties of water are (Tables A-4 through A-6) 

P l = 175 kPa -> v f = 0.001057 m 3 /kg, i/ ? = 1.0037 m 3 /kg 

u f = 486.82 kJ/kg, u g = 2524.5 kJ/kg 
s f =1.4850 kJ/kg. K, s g = 7.1716 kJ/kg. K 

P e = 175 kPa h e = h @ 175kPa = 2700.2 kJ/kg 
sat. vapor s e = s g@xl5kPa = 7.1716 kJ/kg -K 

Analysis (a) We take the cooker as the system, which is a control volume since mass 
crosses the boundary. Noting that the microscopic energies of flowing and nonflowing 
fluids are represented by enthalpy h and internal energy u, respectively, the mass and 
energy balances for this uniform-flow system can be expressed as 



Mass balance : 


nv m ra out A/7? S y Stem 


m e = m x — m 2 


Energy balance: E ia -E om = A £ system 

^ v ' . v v ' 

Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W ein -m e h e = m 2 u 2 — m x u x (since Q = ke = pe = 0) 


The initial mass, initial internal energy, initial entropy, and final mass in the tank are 
V f =V g =2L = 0.002 m 3 


m x = m j + m g 


v f v g 


0.002 m 3 
0.001057 m 3 /kg 


0.002 m 3 
1.0037 m 3 /kg 


= 1.893 + 0.002 = 1.8945 kg 


U x =m x u x = mjUj + m g u g = 1.893x486.82 + 0.002x2524.5 = 926.6 kJ 
S x = m x s x = m f s f +m g s g = 1.892x1.4850 + 0.002x7.1716 = 2.8239 kJ/K 

V 0.004 m 3 

m 2 = — = 

i/ 2 i/ 2 

The amount of electrical energy supplied during this process is 
W ein = W ein At = (0.750 kJ/s)(20 x 60 s) = 900 kJ 
Then from the mass and energy balances, 

, on, °- 004 
m e = m x — m 2 =1.894 

c / 2 

900 kJ = (1 .894- ^^)(2700.2 kJ/kg) + (M*)(m 2 ) _ 926.6 kJ 

t / 2 c / 2 

Substituting u 2 = u j- +x 2 u ^ and i/ 2 = +x 2 Vf g , and solving for x 2 yields 
jc 2 = 0.001918 


Thus, 
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t/ 2 = v f +x 2 v fg = 0.001057 + 0.00191 8 x (1.0037 - 0.001057) = 0.002654m 3 / kg 
s 2 = s f +x 2 s fg =1.4850 + 0.001918x5.6865 = 1.5642kJ/kg-K 


m 2 = 



0.004 m 3 
0.002654m 3 /kg 


1.507 kg 


(b) The entropy generated during this process is determined by applying the entropy balance on the cooker. Noting that there 
is no heat transfer and some mass leaves, the entropy balance can be expressed as 

c _ c + c - ac 

yin ‘-'out ' ‘-'gen ^ system 

Net entropy tnnsfer Entropy Change 

by heat and mass generation in entropy 

-m e s e +S gea = A S sys =m 2 s 2 -m x s x 
Sgen =m e s e +m 2 s 2 —m x s x 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition -X” destroyed = ^o^gen • Using the S gen relation obtained above and substituting, 


Z destroyed = r 0 5 gen = T o( m e S e + m 2 S 2 ~m x S x ) 

= (298 K)[(l. 894 - 1 .507) x7. 1716 + 1 .507 x 1.5642 - 2.8239] 

= 689kJ 
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8-120 A pressure cooker is initially half-filled with liquid water. Heat is transferred to the cooker for 30 min. The amount 
water that remained in the cooker and the exergy destroyed are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it can 
be analyzed as a uniform-flow process since the state of water vapor leaving the cooker remains constant. 2 Kinetic and 
potential energies are negligible. 3 Heat loss from the cooker is negligible. 

Properties The properties of water are (Tables A-4 through A-6) 


P x = \15kPa -> u f = 0.00 1057m 3 /kg, i/ ? = 1.0037 m 3 /kg 

u f = 486.82 kJ/kg, u g = 2524.5 kJ/kg 
s f =1.4850 kJ/kg. K, s g = 7.1716 kJ/kg. K 

P e = 175 kPa h e = h g @ 175kPa = 2700.2 kJ/kg 
sat. vapor s e = @ i75kPa = 7. 17 16 kJ/kg • K 


Analysis ( a ) We take the cooker as the system, which is a control volume since mass 
crosses the boundary. Noting that the microscopic energies of flowing and nonflowing 
fluids are represented by enthalpy h and internal energy u , respectively, the mass and 
energy balances for this uniform-flow system can be expressed as 

Mass balance: m in — m out = Am system — » m e = m x —m 2 


Energy balance : 


^in ^out — ^^system 

V v ' . V V ' 

Net energy traisfer Changein internal, kinetic, 
b y h eat, wo rk , an d mas s p 0 ten ti al ,etc . en erg ies 

<2 in -m e h e = m 2 u 2 — m x u x (since W = ke = pe = 0) 


The initial mass, initial internal energy, initial entropy, and final mass in the tank are 



V f =V g =2L = 0.002 m 3 


m x = m j + m g 


V 


f 


v 


f 




0.002 m 3 
0.001057 m 3 /kg 


°'° 02 ™ = 1 .893 + 0.002 = 1 .8945 kg 

1.0037 m 3 /kg 


U x =m x u x = m fUf +m g u g = 1.893x486.82 + 0.002x2524.5 = 926.6 kJ 
Sj =m x s x =m f s f +m g s g = 1.892x1.4850 + 0.002x7.1716 = 2.8239 kJ/K 


V 0.004 m 3 
m 2 = — = 

i / 2 c / 2 

The amount of heat transfer during this process is 
Q = QAt = (0.750 kJ/s)(20 x 60 s) = 900 kJ 
Then from the mass and energy balances, 


m e = m x — m 2 = 1.894 


0.004 




900 kJ = (1. 894-^^X2700.2 kJ/kg) + (^^)(m 2 ) -926.6 kJ 


1 / 


2 ^2 

Substituting u ? = u f +x 2 u f and u 2 =v f + x 2 v f , and solving for x 2 yields 


Thus, 


* 2 = 0.001918 
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t/ 2 =t/ y + x 2 v Jg =0.001057 + 0.001918 x (1.0037 -0.001057) = 0.002654 m 3 /kg 
s 2 = s f + x 2 s fg = 1.4850 + 0.001918x5.6865 = 1.5642 kJ /kg • K 


and 


1 / 


0.004 m 


m 2 = 


0.002654m 3 /kg 


= 1.507 kg 


( b ) The entropy generated during this process is determined by applying the entropy balance on an extended system that 
includes the cooker and its immediate surroundings so that the boundary temperature of the extended system at the location 
of heat transfer is the heat source temperature, r source = 180°C at all times. The entropy balance for it can be expressed as 

in ~ ^ out ^ gen — ^ system 

Net entropy tnnsfer Entropy Change 
by heat and mass generation in entropy 


Gin 


^bjn 


m e s e + +en = A5 svs = m 2 s 2 ~ m \ s \ 


sys 


S non = m„s „ + m 2 s 2 -m x s x 


Gin 


gen 


'e“ e 


T 


source 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition ^destroyed = ^o^gen • Using the 5 ge n relation obtained above and substituting, 


^destroyed ^O^gen ^0 


m e s e -\-m 2 s 2 -m x s x 


Qin 


T 


source / 


= (298 K)[( 1 . 894 - 1 .507) x 7. 17 16 + 1 .507 x 1 .5642 - 2.8239 - 900 / 453] 

= 96.8 kJ 

Note that the exergy destroyed is much less when heat is supplied from a heat source rather than an electric resistance heater. 
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8-121 Steam is condensed by cooling water in the condenser of a power plant. The rate of condensation of steam and the 
rate of exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The enthalpy and entropy of vaporization of water at 50°C are h fg = 2382.0 kJ/kg and Sf g = 7.3710 kJ/kg.K 
(Table A-4). The specific heat of water at room temperature is c p = 4.18 kJ/kg. °C (Table A-3). 

Analysis ( a ) We take the cold water tubes as the system, which is a control volume. The energy 
balance for this steady-flow system can be expressed in the rate form as 


£ in - £out 

V 

Rate of net energy transfer 
by heat, work, and mass 


A E c 


710 (steady) 


system 


= 0 


Rate of changein internal, kinetic, 
potential, etc. energies 


^in ^out 

Q m + mh x - mh 2 (since Ake = Ape = 0) 

Q in =mc p (T 2 -T x ) 

Then the heat transfer rate to the cooling water in the condenser becomes 
Q = [mc p (T out - 

•^in coolingwater 

= (240 kg/s)(4. 18 kJ/kg.°C)(20°C - 12°C) 

= 8026 kJ/s 

The rate of condensation of steam is determined to be 

Q 8026 kJ/s 


Q — (thhfg ) s team > m 


steam 


h fg 2382.0 kJ/kg 


= 3.369 kg/s 


i 

n 


Steam 

50°C 


(c 


(£ 


(S 


(£ 


(£ 


2 ) 

2 ) 


2 ) 


2) 


50°C 


u 

i 


20°C 


12°C 


Water 


(b) The rate of entropy generation within the condenser during this process can be determined by applying the rate form of 
the entropy balance on the entire condenser. Noting that the condenser is well -insulated and thus heat transfer is negligible, 
the entropy balance for this steady-flow system can be expressed as 

kA <P0 (steady) 
system 

V J 

V 

Rate of change 
of entropy 

0 (since Q = 0) 

0 

^ water (*^2 ~ s \ ) + steam 0 s 4 — lV 3 ) 

Noting that water is an incompressible substance and steam changes from saturated vapor to saturated liquid, the rate of 
entropy generation is determined to be 

T 2 . T 2 

^gen — ^ water C p ^ steam ( S f ~ S g ) — m water ^ p ~ ^steam S fg 

1 \ 1 \ 

20 + 273 

= (240 kg/s)(4. 18 kJ/kg. K)ln (3.369 kg/s)(7. 37 10 kJ/kg.K) 

1 2 I 27 3 

= 2.937 kW/K 


^in ^out 


+ 


gen 


Rate of net entropy tansfer Rate of entropy 
by heat and mass generation 


m l s l + m 3 s 3 -m 2 s 2 -m 4 s 4 +S gen = 

^ water ^1 + ^steam lV 3 ~ ]n water s 2 ~ steam ^ 4 + ^gen = 


C — 
‘-'gen 


Then the exergy destroyed can be determined directly from its definition ^destroyed = gen t0 


^destroyed = ^gen = (285 K)(2.937 kW/K) = 837 kW 
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8-122 A system consisting of a compressor, a storage tank, and a turbine as shown in the figure is considered. The change in 
the exergy of the air in the tank and the work required to compress the air as the tank was being filled are to be determined. 

Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with constant specific 
heats. 

Properties The properties of air at room temperature are R = 0.287 kPa-m/kg-K, c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, k = 
1.4 (Table A-2a). 

Analysis The initial mass of air in the tank is 


^initial 


P (/ 

1 initial 1 ' 


^initial 


(100 kPa)(5 xlO 5 m 3 ) 
(0.287 kPa • m 3 /kg • K)(293 K) 


0.5946 xlO 6 kg 


and the final mass in the tank is 


m final “ 


^final^ 

^final 


(600kPa)(5 xlO 5 m 3 ) 
(0.287 kPa • m 3 /kg • K)(293 K) 


3.568 xlO 6 kg 


Since the compressor operates as an isentropic device, 


t 2 =t i 


r p \(k-\)/k 


\ p \ j 


The conservation of mass applied to the tank gives 
dm 


dt 


= m 


in 


while the first law gives 

• d(mu) , dm 

Q = h — 


dt 


dt 



Employing the ideal gas equation of state and using constant specific heats, expands this result to 
■ Vc v dP V dP 

Q = c.r, 

R dt p 1 RT dt 


Using the temperature relation across the compressor and multiplying by dt puts this result in the form 


Vc 

Qdt = — -dP-cT x 


R 


r P A 

d\j 


(k-\)/k 


v_ 

RT 


dP 


When this integrated, it yields (i and /stand for initial and final states) 


1 /c„ k C V 

Q = — ~(P f -PA — 

R f 2k-l R 


Pf 

( p \ 

V 

p 

(k-\)/k 

~Pi 


v 1 / 



(5x 10 5 )(0.718) 1.4 (1 ,005)(5 xlO 5 ) 

— (o(JU-l(J0) - 



f600^ 

0.4/ 1.4 

600 

-100 


o' 

O 

t-H 



0.287 ' ' 2(1 .4) -1 0.287 

= -6.017xl0 8 kJ 

The negative result show that heat is transferred from the tank. Applying the first law to the tank and compressor gives 
(Q-W out )dt =d(mu)-h l dm 
which integrates to 

Q-W O ut = 0n f Uf (m f -to,) 
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Upon rearrangement, 

Wout =Q + (c p -c v )T (m f - m, ) 

= -6.017 xlO 8 + (1.005 - 0.7 18)(293)[(3. 568 -0.5946) x 10 6 ] 

= -3.516x10 8 kJ 

The negative sign shows that work is done on the compressor. When the combined first and second laws is reduced to fit the 
compressor and tank system and the mass balance incorporated, the result is 


=0 


1-* 

V r R J 


d(U-T 0 S) dm 

- + (h-T 0 s)—— 
dt 


dt 


which when integrated over the process becomes 


=e 


=e 


1-* 

V T R J 

T n 


+ m, [{u l -h^-T^Si -s 1 )]-m / [(w / -h\)-T 0 (s f -Sj)] 


V t r j 


+ 'W, Vi (c v -Cp)]- 


m 


f 


= -6.017x10' 


-3.568x10' 


1- 


293 

293 


T f (c v -c p )-T 0 R In 

+ 0.5946 x 10 6 [(0.7 18 - 1 .005)293] 

600 


/ n \ 


V P i J 


(0.7 1 8 - 1 .005)293 + 293(0.287) In 


100 


= 7.875x1 0 8 kJ 


This is the exergy change of the air stored in the tank. 
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8-123 The air stored in the tank of the system shown in the figure is released through the isentropic turbine. The work 
produced and the change in the exergy of the air in the tank are to be determined. 

Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with constant specific 
heats. 

Properties The properties of air at room temperature are R = 0.287 kPa-m/kg-K, c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, k = 
1.4 (Table A-2a). 

Analysis The initial mass of air in the tank is 


^initial 


P V 

initial 


^initial 


(600kPa)(5 xlO 5 m 3 ) 
(0.287 kPa-m 3 /kg-K)(293 K) 


= 3.568xl0 6 kg 


and the final mass in the tank is 


= ^ = (10° kPa)(5 x 10 5 m 3 ) = Q ^ x ^ 

RT &aai (0.287 kPa ■ m 3 /kg • K)(293 K) 


The conservation of mass is 


dm 


while the first law gives 

• d{mu) dm 

Q — h 

dt dt 


Employing the ideal gas equation of state and using 
constant specific heats, expands this result to 

A dP ^ V dP 
R dt p RT dt 
_ c v - c p dP 
R dt 


dt 



When this is integrated over the process, the result is (i and /stand for initial and final states) 
Q = -V(P f - P i ) = -5 x 10 5 (100 - 600) = 2.5 x 10 s kJ 


Applying the first law to the tank and compressor gives 
( Q - W out )dt = d {mu) - hdm 
which integrates to 

Q-W oat =(m f u f —nijUj) + h(m i -m f ) 

- W oat = ~Q + m f U f ~ m i U i + h( m i - m f ) 

^out = Q - m / u f + m i l h - K m i ~ m f ) 

= Q-m f c v T + m i c p T-c p T(m i -m f ) 

= 2.5 x 10 8 - (0.5946 x 10 6 )(0.718)(293) + (3.568 x 10 6 )(1 .005)(293) 

-(1.005)(293)(3.568xl0 6 -0.5946xl0 6 ) 

= 3.00x10 8 kJ 

This is the work output from the turbine. When the combined first and second laws is reduced to fit the turbine and tank 
system and the mass balance incorporated, the result is 
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W rev = Q 


= Q 


= Q 


= Q 


1-^ 

V T R J 

( r T' \ 

i-i° 

v Trj 

r T \ 

1 -f° 

v r *y 

/ T1 \ 

1 - 2 ° 

V t rj 


d(U -T 0 S) dm 

— + (h—T 0 s)—— 
at 


dt 


-(u-Tns) 


dm d(u - T () s) 


dt 


m 


dt 

ds 


+ (h-T 0 s ) 


dm 

dt 


„ x _ dm _ 

+ (c -c v )r — + mT 0 — 
dt dt 


+ (c p -c v )T^- + V I ±(P f -P i ) 
dt T 


where the last step uses entropy change equation. When this is integrated over the process it becomes 


w rev =e 


f r T 1 ^ 

1 - 2 ° 

V t r j 


+ (c p - c v )T (m f - m t ) + 1/ y- (P f - P i ) 


= 3.00x10' 


1- 


293 


293, 

= 0-2.500xl0 8 -2.5xl0 8 

= -5.00x1 0 8 kJ 

This is the exergy change of the air in the storage tank. 


293 

+ (1.005 -0.7 18)(293)(0. 5946 -3.568) x 10 6 +5xl0 5 (100-600) 


293 
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8-124 A heat engine operates between a tank and a cylinder filled with air at different temperatures. The maximum work that 
can be produced and the final temperatures are to be determined. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The specific heats of air are c v = 0.718 kJ/kg.K and c p = 1.005 kJ/kg.K (Table A-2). 

Analysis For maximum power production, the entropy generation must be zero. We take the tank, the cylinder (the heat 
source and the heat sink) and the heat engine as the system. Noting that the system involves no heat and mass transfer and 
that the entropy change for cyclic devices is zero, the entropy balance can be expressed as 


^in ^out ^gen 


710 


system 


Net entropy tansfer Entropy Change 
b y h eat an d mas s g en eratio n in en tro p y 


f) + C 7,0 — A + A + A S' 7,0 

UTU gen L - yLi tank,source ' cylinder, sink ' heat engine 


(AS) 

source + (AS) sink ^ 


r, (/- ^ 

me ^ In mR In — 


V 


r, 




+ 0 + 


r r, Pn ^ 

me n In mR In — 


J 


p 


r, 


source 


P 


= 0 


7 sink 


In 


To c 


p 


T 


In 


77 


= 0 


T, 


r T \ 


\A 


C u T lB 


r, 


1 A 


V r i B J 


= 1 


+ T - [T 
^ 1 2 ~ Via 1 ib 


where T j A and Tj B are the initial temperatures of the source and the sink, 
respectively, and T 2 is the common final temperature. Therefore, the final 
temperature of the tanks for maximum power production is 


T 2 =((600K)(280 K) 1 ' 4 ) 2 - 4 = 384.7 K 


Source : 


-Gsomreput = AU = A T 2 ~ T l A> Gsourceput = ™ V ( T 1A ~ T 2 ) 

Gsourceput = mc v (T lA -T 2 ) = (40 kg)(0.71 8 kJ/kg • K)(600 - 384.7)K = 61 84 kJ 


Sink : 



2sinkjn ~^b,out ~ AU — > <2 sink j n - AH - WC p {J 2 ~T XA ) 

Gsmkin = (T 2 - T lA ) = (40 kg)(l . 005 kJ/kg • K)(384. 7 - 280)K = 4208 kJ 


Then the work produced becomes 

^max,out “ Qh ~ Ql = 2source,out - 2sinkjn = 6184 - 4208 = 1977 kJ 
Therefore, a maximum of 1977 kJ of work can be produced during this process. 
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8-125E Large brass plates are heated in an oven at a rate of 175/min. The rate of heat transfer to the plates in the oven and 
the rate of exergy destruction associated with this heat transfer process are to be determined. 


Assumptions 1 The thermal properties of the plates are constant. 
2 The changes in kinetic and potential energies are negligible. 3 
The environment temperature is 75 °F. 

Properties The density and specific heat of the brass are given to 
be p= 532.5 lbm/ft 3 and c p = 0.091 Btu/lbm.°F. 

Analysis We take the plate to be the system. The energy balance 
for this closed system can be expressed as 



v 

Net energy transfer 
by heat, woric,and mass 


A F 

system 

V J 

V 

Changein internal, kinetic, 
potential, etc. energies 


Gin = A[/ plate = m ( u 2 ~ U { ) = mc(T 2 -7\) 


The mass of each plate and the amount of heat transfer to each plate is 

m = pV = yC>LA= (532.5 lbm/£ 3 )[(1.5/ 12 ft )(lft)(3 £)] =199.7 lb: 


Oven. 1300°F 



plate. 75°F 


Q [n = mc(T 2 -T x ) = (199.7 lbm/plate)(0.091Btu/lbm. o F)(1000-75)°F = 16,809 Btu/plate 
Then the total rate of heat transfer to the plates becomes 

Gtotai - ^ P late Q\n per plate = (175 plates/min) x (16,809 Btu/plate) = 2,941,575Btu/min= 49,025Btu/s 


We again take a single plate as the system. The entropy generated during this process can be determined by applying an 
entropy balance on an extended system that includes the plate and its immediate surroundings so that the boundary 
temperature of the extended system is at 1300°F at all times: 


where 


^in ^out 


+ 5 


gen 


= AS 


system 


N et en trop y tan s fer En tro p y C h an g e 

b y h eat an d mas s g en eratio n in en tro p y 


2m 


T, 


^ gen system 


^ ^gen 


Gin 


Tu 


AS 


system 


AS 


system 


T 

- m(s 7 - s } ) = rac av „ In = (199.7 lbm)(0.091 Btu/lbm.R)ln 


r, 


(1000 + 460) R 
(75 + 460) R 


= 18.24 Btu/R 


Substituting, 


s =-Q*- + A s = — 16,809 BtU + 18.24 Btu/R = 8.692 Btu/R (per plate) 

gen Tb system 130 0 + 460R 


Then the rate of entropy generation becomes 

iSgen = S'gen^baii = (8.692 Btu/R • pi ate)( 175 plates/min) = 1521 Btu/min.R= 25.35 Btu/s.R 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition Z destroyed = T 0 S gea , 


X destmyed = T Q S sen = (535 R)(25.35 Btu/s.R)= 13,560 Btu/s 
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8-126 A regenerator is considered to save heat during the cooling of milk in a dairy plant. The amounts of fuel and money 
such a generator will save per year and the rate of exergy destruction within the regenerator are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The properties of the milk are constant. 5 The environment temperature 
is 18°C. 

Properties The average density and specific heat of milk can be taken to be p m n k = /? water = 1 kg/L and c lhim \ k = 3.79 kJ/kg.°C 
(Table A-3). 

Analysis The mass flow rate of the milk is 

^milk — Z+niik = (1 kg/L)(12 L/s) = 12 kg/s = 43, 200 kg/h 

Taking the pasteurizing section as the system, the energy balance for this steady-flow system can be expressed in the rate 
form as 


^in ^out 


_ af 7,0 (stead y) 

system 


- 0 E in ~ E out 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Q m + mh x = mh 2 (since Ake = Ape = 0) 

Qin =™ni\k C p( T 2 ~ T \ ) 

Therefore, to heat the milk from 4 to 72 °C as being done currently, heat must be transferred to the milk at a rate of 
Ccunent = p (TpasturizaSon “ ^refrigeration)] milk = ( 12 kg/s)(3.79 kJ/kg.°C)(72 - 4)°C = 3093 kj/s 


The proposed regenerator has an effectiveness of 8 = 0.82, and thus it will save 82 percent of this energy. Therefore, 
Saved = ^current = (0.82)(3093 kj / s) = 2536 kj / S 


Noting that the boiler has an efficiency of rj boiler = 0.82, the energy savings above correspond to fuel savings of 

t _ 1 ftnved (2536 kJ/s) (1 therm) , . 

7b0ller (0.82) ( 105,500 kJ) 

Noting that 1 year = 365x24=8760 h and unit cost of natural gas is $ 1.04/therm, the annual fuel and money savings will be 
Fuel Saved = (0.02931 therms/s) (8760x3 600 s) = 924,450 therms/yr 

Money saved = (Fuel saved)(Uni t cost of fuel) = (924,450 therm/yr)($ 1.30/ therm) = $1 ,201 ,800yr 


The rate of entropy generation during this process is determined by applying the rate form of the entropy balance on an 
extended system that includes the regenerator and the immediate surroundings so that the boundary temperature is the 
surroundings temperature, which we take to be the cold water temperature of 18°C. 



V 


Rate of net entropy tnnsfer 
by heat and mass 


e 

gen 

Rate of entropy 
generation 


a n +0 (steady) 
system 

v. J 

V 

Rate of change 
of entropy 


-> 5 


gen 




Disregarding entropy transfer associated with fuel flow, the only significant difference between the two cases is the 
reduction in the entropy transfer to water due to the reduction in heat transfer to water, and is determined to be 


S = S 

u gen, reduction u out, reduction 


^outjeduction £2saved 


T„ 


SUIT 


T, 


SUIT 


2536 kJ/s 
18 + 273 


= 8.715 kW/K 


^gen, reduction = ^.reduction Af = (8.7 15 kJ/s.K)(8760 x 3600 s/year) = 2.75xl0 8 kJ/K (per year) 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition Z destroyed = T Q S gen , 

^destroyed reduction = ^gen.reduction = (291 K)(2.75 X IQ 8 kJ/K) = 8.00x IQ 10 kj (per year) 
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8-127 Exhaust gases are expanded in a turbine, which is not well-insulated. Tha actual and reversible power outputs, the 
exergy destroyed, and the second-law efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Potential energy change is 
negligible. 3 Air is an ideal gas with constant specific heats. 


Properties The gas constant of air is R = 0.287 kJ/kg.K and the specific heat of air at the average temperature of 
(627+527)72 = 577°C = 850 Kisc p = 1.11 kJ/kg.°C (Table A-2). 


Analysis (a) The enthalpy and entropy changes of air across the turbine are 
Ah = c p (T 2 - T x ) = (1 . 1 1 kJ/kg.°C)(527 - 627)°C = -11 1 kJ/kg 


T 

As = c n In — - R In 


r, 


h 

P 


= (1.11 kJ/kg. K)ln (527 + 2?3)K - (0. 287 kJ/kg. K) In 5 °° kPa 


(627 + 273) K 

= 0.1205 kJ/kg.K 

The actual and reversible power outputs from the turbine are 


1200 kPa 


Exh. gas 
627°C 



-W a , out =mM + 2 0Ut =(2.5 kg/s)(-lll kJ/kg) + 20kW = -257.5kW 
- ^rev,out = rh(A h - T 0 As) = (2.5 kg/s)(l 1 1 kJ/kg) - (25 + 273 K)(0. 1205 kJ/kg.K) = -367.3kW 


+ aout =257.5kW 

+rev,out = 367 .3kW 

(b) The exergy destroyed in the turbine is 

X dest =W KW -W a =367.3- 257.5 = 109.8kW 


(c) The second-law efficiency is 


7h 




W, 


rev 


257.5 kW 
367.3 kW 


= 0.701 = 70.1% 
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8-128 Refrigerant- 1 34a is compressed in an adiabatic compressor, whose second-law efficiency is given. The actual work 
input, the isentropic efficiency, and the exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) The properties of the refrigerant at the inlet of the compressor are (Tables A-l 1 through A- 13) 


T 


sat@120kPa 

P x =120 kPa 


0 = -22.32°C 


h x = 238.84 kJ/kg 
s x =0.95523 kJ/kg. K 


T x = (-22.32 + 2.3)°C = -20°C 
The enthalpy at the exit for if the process was isentropic is 


P 2 =0.7 MPa 


h 2s =275.79 kJ/kg 


s 2 =5, =0.95523 kJ/kg. KJ 

The expressions for actual and reversible works are 
w a =h 2 -h { = (h 2 -238. 84) kJ/kg 



w rev =h 2 -h x -T 0 (s 2 -s x )=(h 2 -238.84)kJ/kg-(25 + 273K )(s 2 -0.95523)kJ/kg.K 
Substituting these into the expression for the second-law efficiency 


w 


= 


rev 


->0.85 = 


h 2 -238.84 -(298Xj 2 -0.95523) 


w. 


h 2 - 238.84 


The exit pressure is given (1 MPa). We need one more property to fix the exit state. By a trial-error approach or using EES, 
we obtain the exit temperature to be 44.14°C. The corresponding enthalpy and entropy values satisfying this equation are 

h 2 =282.72 kJ/kg 
s 2 =0.9773 kJ/kg. K 


Then, 

w a =h 2 -h l =282.72 -238.84 = 43.88kJ/kg 

w rev =h 2 -h x - T 0 (s 2 -s x ) = (282.72 - 238.84)kJ/kg - (25 + 273 K)(0.9773 - 0.95523)kJ/kg • K = 37.30 kJ/kg 

(b) The isentropic efficiency is determined from its definition 

h 2s -h x (275.79 - 238.84)kJ/kg . _ a/ 

7i, = — L = ^ = 0.842 = 84.2% 

h 2 - h x (282.72 - 238.84)kJ/kg 

(b) The exergy destroyed in the compressor is 

•*dest =w a _w rev = 43.88 - 37.30 = 6. 58kJ/kg 
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8-129 The isentropic efficiency of a water pump is specified. The actual power output, the rate of frictional heating, the 
exergy destruction, and the second-law efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) Using saturated liquid properties at the given temperature 
for the inlet state (Table A-4) 


T x = 30°C 
x x = 0 


h x = 125.82 kJ/kg 
s x = 0.4367 kJ/kg. K 

i/, = 0.001004 m 3 /kg 


The power input if the process was isentropic is 


Water 
100 kPa 
30°C 
1.35 kg/s 



4 MPa 


W s = mi/,(P 2 - P l ) = (1.35 kg/s)(0. 001004 m 3 /kg)(4000 - 100)kPa = 5.288 kW 


Given the isentropic efficiency, the actual power may be determined to be 




5.288 kW 
0.70 


7.554kW 


( b ) The difference between the actual and isentropic works is the frictional heating in the pump 
Gfficnona! = W a -W s = 7.554 -5.288 = 2.266KW 


(c) The enthalpy at the exit of the pump for the actual process can be determined from 

W. d =m(]i 2 -h x ) >7.554 kW = (1.35 kg/s)(/z2-125.82)kJ/kg >1^ = 13 1.42 kJ/kg 


The entropy at the exit is 


p 2 =4MPa 
h 2 =131.42 kJ/kg 


}s 2 = 0.4423 kJ/kg. K 


The reversible power and the exergy destruction are 
W KV = ih[lb - h { - T q (s 2 - Si)] 

= (1 .35 kg/s)[(131 .42 - 125.82)kJ/kg - (20 + 273 K)(0.4423 - 0.4367)kJ/kg.K] = 5.362 kW 


^dest =W / a ~W av =7.554 - 5.362 = 2. 193kW 


(d) The second-law efficiency is 
>7ii = 


W s 362 kW 

= 3 - J0ZKW . = Q.7 io = 71 .0% 


W n 


7.554 kW 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



8-137 


8-130 Argon gas is expanded adiabatically in an expansion valve. The exergy of argon at the inlet, the exergy destruction, 
and the second-law efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are zero. 3 Argon is an ideal gas 
with constant specific heats. 


Properties The properties of argon gas are R = 0.2081 kJ/kg.K, 
= 0.5203 kJ/kg.°C (Table A-2). 

Analysis (a) The exergy of the argon at the inlet is 

¥\ — h x - h 0 - T 0 (^i — ) 



-r 0 )-r n 


T P 

c „ In — - R In — 


p 


T, 


o 


P, 


0 


Argon 
3.5 MPa 
100°C 


► 



500 kPa 


= (0.5203 kJ/kg.K)(100 - 25)°C - (298 K) 


(0.5203 kJ/kg.K)ln 


373 K 
298 K 


(0.2081 kJ/kg.K)ln 


3500 kPa 
100 kPa 


= 224.7kJ/kg 


( b ) Noting that the temperature remains constant in a throttling process of an ideal gas, the exergy destruction is determined 
from 




dest 


= TnS 


0 gen 


-T 0 (s 2 ^i) 


= T r 


-R In 


Pr 


= (298 K) 


oy 

= 120.7kJ/kg 


f 


(0.2081 kJ/kg. K)ln 


v 


500 kPa 
3500 kPa 


\ 

/ 


(c) The second-law efficiency can be determined from 


■^'recovered 0 

'In - - “ 

•^expended ¥\ ¥ 2 


OkJ/kg 

(224.7- 104.0) kJ/kg 


= 0 = 0 % 


where 


i// 2 =¥i -* dest =[224.7 -(224.7 -120.7)] kJ/kg = 104.0kJ/kg 


Discussion An alternative (and different) definition for the second-law efficiency of an expansion valve can be expressed 
using an “exergy out/exergy in” approach as 

7n = = *1. = 104 0 kJ/k S = 0.463 = 46.3% 

x in y/ x 224.7 kJ/kg 

Note that an expansion valve is a very wasteful device and it destructs all of the exergy expended in the process. Therefore, 
we prefer the first approach for the calculation of second -law efficiency. 
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8-131 Heat is lost from the air flowing in a diffuser. The exit temperature, the rate of exergy destruction, and the second law 
efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Potential energy change is negligible. 3 Nitrogen is an ideal gas with 
variable specific heats. 

Properties The gas constant of nitrogen is R = 0.2968 kJ/kg.K. 

Analysis (a) For this problem, we use the properties from EES software. Remember that for an ideal gas, enthalpy is a 
function of temperature only whereas entropy is functions of both temperature and pressure. At the inlet of the diffuser and 
at the dead state, we have 


T x = 110°C = 383K 
P x =100 kPa 


h x = 88.39 kJ/kg 
s x = 7. 101 kJ/kg -K 


T x =300K 
P x =100 kPa 


hr, =1.93 kJ/kg 


=6.846 kJ/kg -K 
An energy balance on the diffuser gives 



/ V l / V 2 

h \ + — - h 2+ — + <7out 


88.39 kJ/kg + 


(205 m/s)' 


1 kJ/kg 


2,2 


1000 m"/s 


-h 2 + 


(45 m/s)‘ 


1 kJ/kg 


2 ,2 


1000 m"/s 


+ 2.5 kJ/kg 


->/i 2 =105.9 kJ/kg 


The corresponding properties at the exit of the diffuser are 


h 2 =105.9 kJ/kg 
P x =110 kPa 


To = 1 27°C = 400 K 


s 2 =7.117 kJ/kg-K 
( h ) The mass flow rate of the nitrogen is determined to be 


P 9 

m ~ P 2^2X2 - ~r— ^-2 y 2 ~ 

t\l i 


llOkPa 


(0.2968 kJ/kg. K)(400K) 


(0.04 m 2 )(45 m/s) = 1 .669 kg/s 


The exergy destruction in the nozzle is the exergy difference between the inlet and exit of the diffuser: 

^dest = /7? 


h x h 2 + 1 ^ — ^ 0(^1 ^ 2 ) 


= (1.669 kg/s) 


(88.39 -105.9)kJ/kg + 


(205 m/s) 2 - (45 m/s) 2 r 


1 kJ/kg 


1000 m 2 /s 2 


= 12.4kW 


- (300 K)(7. 1 0 1 - 7. 1 1 7) kJ/kg. K 
(c) The second-law efficiency for this device may be defined as the exergy output divided by the exergy input: 


X | = m 


V x 

h \ ~K + — -^0(^1 -^0) 


L 

(1.669 kg/s) 

j 

U.39-1.93)kJ/kg + (205m,S)2 

f 1 kJ/kg > 

- (300 K)(7.101 - 6. 846) kJ/kg.K 


2 

I.1000m 2 /s 2 ) 



= 51.96 kW 




X 


/7u = ^4^- = 1 — — 1 _ 


X 


X 


12.4 kW 
51.96 kW 


= 0.761 = 76.1% 
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8-132 A relation for the second-law efficiency of a heat engine operating between a heat source and a heat sink at specified 
temperatures is to be obtained. 


Analysis The second -law efficiency is defined as the ratio of the availability (exergy) 
recovered to availability supplied during a process. The work W produced is the 
availability recovered. The decrease in the availability of the heat supplied Q H is the 
availability supplied or invested. 

Therefore, 


7 1 n = 


W 


1- 


T r 


T 


Qh~ 


H 


1- 


Tr 


T 


Q 


L 


l y 


Note that the first term in the denominator is the availability of heat supplied to the heat 
engine whereas the second term is the availability of the heat rejected by the heat engine. 
The difference between the two is the availability expended during the process. 


Source 



8-133 Writing energy and entropy balances, a relation for the reversible work is to be obtained for a closed system that 
exchanges heat with surroundings at T 0 in the amount of <2o as well as a heat reservoir at temperature T R in the amount (2 r- 

Assumptions Kinetic and potential changes are negligible. 

Analysis We take the direction of heat transfers to be to the system (heat input) and the direction of work transfer to be from 
the system (work output). The result obtained is still general since quantities wit opposite directions can be handled the same 
way by using negative signs. The energy and entropy balances for this stationary closed system can be expressed as 


Energy balance: E in -£ out = AE system -» Q 0 +Q R -W = U 2 -U l >W=U 1 -U 2 +Q q +Q r (1) 

-Qr . -Qo 


Entropy balance: S m - S out + S gen = AS system -> S gen = (S 2 - S x ) 
Solving for Qo from (2) and substituting in (1) yields 
W = «J 1 -U 2 )-T 0 (S 1 -S 2 )-Q r 


Tr T q 


r rp \ 

1-^ 

V t rj 


^O^gen 


The useful work relation for a closed system is obtained from 
W.. =W-W„ 


SUIT 


= (i/ 1 -i/ 2 )-r 0 (s 1 -s 2 )-e 


R 


r T \ 

i-i“ 

V T R J 


-T 0 S scn -W-^) 


Then the reversible work relation is obtained by substituting S oen = 0, 


=(f/ l —U 2 )—T 0 (S l - S 2 ) + P ^ -V 2 )-Q r 


T r 

1 — ^ 

V T R J 


(2) 



A positive result for Wiev indicates work output, and a negative result work input. Also, the Q R is a positive quantity for heat 
transfer to the system, and a negative quantity for heat transfer from the system. 
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8-134 Writing energy and entropy balances, a relation for the reversible work is to be obtained for a steady-flow system that 
exchanges heat with surroundings at T 0 at a rate of 0 O as well as a heat reservoir at temperature T R in the amount Q R . 

Analysis We take the direction of heat transfers to be to the system (heat input) and the direction of work transfer to be from 
the system (work output). The result obtained is still general since quantities wit opposite directions can be handled the same 
way by using negative signs. The energy and entropy balances for this stationary closed system can be expressed as 

Energy balance: E in - E out 

^^system ^ ^in ^ out 


Qo +Qr -W = Hm e (h e + Yl- + gz e )-'Zm i (h i +^- + gZ/) 

2 2 

W = 'Lm i (h i + ^- + gz i )-'Lm e (h e + ~^ + gz e ) + Q 0 + Q R ( 1 ) 


Entropy balance: 


System 



^in ^ out ^gen ^^system ^ 

c = v _ i 

‘-'gen ‘-'out ‘-'in 


S eea ='Lm e s e -'Lm i s i + 


~Qr . -a 


Solving for Q 0 from (2) and substituting in (1) yields 


w = I m, ( hj +^- + gz i -T 0 s i )-T m e (h e +~^~ + gz e -T 0 s e )-T 0 S sm -Q R 1 - 


Then the reversible work relation is obtained by substituting S„ en = 0. 


W av = Z m i (hj +^- + gZi -T 0 s i )-'Lm e (h e +-^- + gz e -T 0 s e )-Q R 1- 


A positive result for W rev indicates work output, and a negative result work input. Also, the <2r is a positive quantity for heat 
transfer to the system, and a negative quantity for heat transfer from the system. 
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8-135 Writing energy and entropy balances, a relation for the reversible work is to be obtained for a uniform-flow system 
that exchanges heat with surroundings at T 0 in the amount of Go as well as a heat reservoir at temperature T R in the amount 
Qr- 

Assumptions Kinetic and potential changes are negligible. 

Analysis We take the direction of heat transfers to be to the system (heat input) and the direction of work transfer to be from 
the system (work output). The result obtained is still general since quantities wit opposite directions can be handled the same 
way by using negative signs. The energy and entropy balances for this stationary closed system can be expressed as 

Energy balance: E in -E out = 

^^system 


Go +Qr -W = Zm ( Ah 


y j 

e v- e ■ ~Y+8Z e )-llm i (h i +-^- + gz i ) + (U 2 -U 1 ) 


CV 


V 2 V 1 

or, W = T m, (h : +y + p,)-Zm ( (h e + y- 

Entropy balance: S in - S out + S gen = AS system 

~Qr , “Go 


gz e )-(U 2 -U l ) cv +Q 0 +Q R (1) 


Sgen = (^2 - - S '|)cv + £ m e S e ~ Z m^S, 


Tr T 0 


(2) 


Solving for Go from (2) and substituting in (1) yields 


y 2 y 2 

W = 'Lm i (h i +-^- + gZi -T 0 s i ')-'Lm e (h e + ^~ + gz e - T 0 s e ) 


+[([/! -U 2 )-T 0 (S 1 -S 2 )]„ -T 0 S gen -Q r 


( r r \ 

V Trj 



The useful work relation for a closed system is obtained from 

w u = W - W sun . = z nif (hi + y- + gz t ~ TqsQ - £ m e (h e + y- + -r 0 s e ) 


+[(^r -U 2 )-T 0 (S l -5 2 )] cv -T 0 S gen -Q r 


r T ^ 

1 n 


v t r j 


-Poivl-vo 


Then the reversible work relation is obtained by substituting A„ en = 0, 


y. z y z 

W rev = Z m i + ~y + gZi ~ T 0 Si ) - £ (h e + -y- + - V* ) 


+[(f/| -U 2 )-T 0 (S 1 -5’ 2 ) + P 0 (t/ | -l/ 2 )]„, -G« 


1-^ 
v y 


A positive result for Wiev indicates work output, and a negative result work input. Also, the Gr is a positive quantity for heat 
transfer to the system, and a negative quantity for heat transfer from the system. 
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Fundamentals of Engineering (FE) Exam Problems 


8-142 


8-136 Heat is lost through a plane wall steadily at a rate of 800 W. If the inner and outer surface temperatures of the wall are 
20°C and 5°C, respectively, and the environment temperature is 0°C, the rate of exergy destruction within the wall is 

(a) 40 W (b) 17,500 W (c) 765 W (d) 32,800 W (e) 0 W 


Answer (a) 40 W 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Q=800 "W" 

T1=20 "C" 

T2=5 "C" 

To=0 "C" 

"Entropy balance SJn - S_out + S_gen= DS_system for the wall for steady operation gives" 

Q/(T1 +273)-Q/(T2+273)+S_gen=0 "W/K" 

X_dest=(T o+273)*S_gen "W" 

"Some Wrong Solutions with Common Mistakes:" 

Q/T1-Q/T2+Sgen1=0; W1_Xdest=(To+273)*Sgen1 "Using C instead of K in Sgen" 

Sgen2=Q/((T1+T2)/2); W2_Xdest=(To+273)*Sgen2 "Using avegage temperature in C for Sgen" 
Sgen3=Q/((T1+T2)/2+273); W3_Xdest=(To+273)*Sgen3 "Using avegage temperature in K" 

W4_Xdest=T o*S_gen "Using C for To" 


8-137 Liquid water enters an adiabatic piping system at 15°C at a rate of 3 kg/s. It is observed that the water temperature 
rises by 0.3°C in the pipe due to friction. If the environment temperature is also 15°C, the rate of exergy destruction in the 
pipe is 

(a) 3.8 kW (b) 24 kW (c) 72 kW (d) 98 kW (e) 124 kW 


Answer (a) 3.8 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Cp=4.18 "kJ/kg.K" 
m=3 "kg/s" 

T1 =1 5 "C" 

T2=15.3 "C" 

To=15 "C" 

S_gen=m*Cp*ln((T2+273)/(T 1 +273)) "kW/K" 

X_dest=(To+273)*S_gen "kW" 

"Some Wrong Solutions with Common Mistakes:" 

W 1 _Xdest=(T o+273)*m*Cp*ln(T2/T 1 ) "Using deg. C in Sgen" 

W2_Xdest=T o*m*Cp*ln(T2/T 1 ) "Using deg. C in Sgen and To" 

W3_Xdest=(T o+273)*Cp*ln(T2/T 1 ) "Not using mass flow rate with deg. C" 
W4_Xdest=(To+273)*Cp*ln((T2+273)/(T1 +273)) "Not using mass flow rate with K" 
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8-143 


8-138 A heat engine receives heat from a source at 1500 K at a rate of 600 kJ/s and rejects the waste heat to a sink at 300 K. 
If the power output of the engine is 400 kW, the second-law efficiency of this heat engine is 

(a) 42% (b) 53% (c) 83% (d) 67% (e) 80% 


Answer (c) 83% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Qin=600 "kJ/s" 

W=400 "kW" 

TL=300 "K" 

TH=1500 "K" 

Eta_rev=1-TL/TH 

Eta_th=W/Qin 

EtaJ l=Eta_th/Eta_rev 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eta_ll=Eta_th1/Eta_rev; Eta_th1=1-W/Qin "Using wrong relation for thermal efficiency" 
W2_Eta_ll=Eta_th "Taking second-law efficiency to be thermal efficiency" 

W3_Eta_ll=Eta_rev "Taking second-law efficiency to be reversible efficiency" 

W4_Eta_ll=Eta_th*Eta_rev "Multiplying thermal and reversible efficiencies instead of dividing" 


8-139 A water reservoir contains 100 tons of water at an average elevation of 60 m. The maximum amount of electric power 
that can be generated from this water is 

(a) 8 kWh (b) 16 kWh (c) 1630 kWh (d) 16,300 kWh (e) 58,800 kWh 


Answer (b) 16 kWh 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

m=1 00000 "kg" 
h=60 "m" 
g=9.81 "m/s A 2" 

"Maximum power is simply the potential energy change," 

W_max=m*g*h/1 000 "kJ" 

W_m ax_k W h = W_m ax/3600 "kWh" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Wmax =m*g*h/3600 "Not using the conversion factor 1000" 

W2_Wmax =m*g*h/1000 "Obtaining the result in kJ instead of kWh" 

W3_Wmax =m*g*h*3.6/1000 "Using worng conversion factor" 

W4_Wmax =m*h/3600"Not using g and the factor 1000 in calculations" 
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8-140 A house is maintained at 21°C in winter by electric resistance heaters. If the outdoor temperature is 9°C, the second- 
law efficiency of the resistance heaters is 

(a) 0% (b) 4.1% (c) 5.7% (d) 25% (e) 100% 


Answer (b)4.1% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

TL=9+273 "K" 

TH=21 +273 "K" 

To=TL 

COP_rev=TH/(TH-TL) 

COP=1 

Eta_ll=COP/COP_rev 

"Some Wrong Solutions with Common Mistakes:" 

W 1 _Eta_l l=COP/COP_rev1 ; COP_rev1=TL/(TH-TL) "Using wrong relation for COP_rev" 
W2_Eta_ll=1-(TL-273)/(TH-273) "Taking second-law efficiency to be reversible thermal efficiency with C for 
temp" 

W3_Eta_ll=COP_rev "Taking second-law efficiency to be reversible COP" 

W4_Eta_ll=COP_rev2/COP; COP_rev2=(TL-273)/(TH-TL) "Using C in COP_rev relation instead of K, and 
reversing" 


8-141 A 12-kg solid whose specific heat is 2.8 kJ/kg.°C is at a uniform temperature of -10°C. For an environment 
temperature of 20°C, the exergy content of this solid is 

(a) Less than zero (b) 0 kJ (c) 4.6 kJ (d) 55 kJ (e) 1008 kJ 


Answer (d) 55 kJ 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

m=12 [kg] 
cp=2.8 [kJ/kg-K] 

T1 =(-10+273) [K] 

To=(20+273) [K] 

"Exergy content of a fixed mass is x1=u1-uo-To*(s1-so)+Po*(v1-vo)" 
ex=m*(cp*(T1-To)-To*cp*ln(T1/To)) 

"Some Wrong Solutions with Common Mistakes:" 

W1_ex=m*cp*(To-T1) "Taking the energy content as the exergy content" 
W2_ex=m*(cp*(T1-To)+To*cp*ln(T1/To)) "Using + for the second term instead of 
W3_ex=cp*(T1-To)-To*cp*ln(T1/To) "Using exergy content per unit mass" 

W4_ex=0 "Taking the exergy content to be zero" 
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8-142 Keeping the limitations imposed by the second-law of thermodynamics in mind, choose the wrong statement below: 

(a) A heat engine cannot have a thermal efficiency of 100%. 

(b) For all reversible processes, the second-law efficiency is 100%. 

(c) The second-law efficiency of a heat engine cannot be greater than its thermal efficiency. 

(d) The second-law efficiency of a process is 100% if no entropy is generated during that process. 

(e) The coefficient of performance of a refrigerator can be greater than 1 . 


Answer (c) The second-law efficiency of a heat engine cannot be greater than its thermal efficiency. 


8-143 A furnace can supply heat steadily at a 1300 K at a rate of 500 kJ/s. The maximum amount of power that can be 
produced by using the heat supplied by this furnace in an environment at 300 K is 

(a) 1 15 kW (b) 192 kW (c) 385 kW (d) 500 kW (e) 650 kW 


Answer (c) 385 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Q_in=500 "kJ/s" 

TL=300 "K" 

TH=1300 "K" 

W_max=Q_in*(1 -TL/TH) "kW" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Wmax=W_max/2 "Taking half of Wmax" 

W2_Wmax=Q_in/(1 -TL/TH) "Dividing by efficiency instead of multiplying by it" 

W3_Wmax =Q_in*TL/TH "Using wrong relation" 

W4_Wmax=Q_in "Assuming entire heat input is converted to work" 
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8-144 Air is throttled from 50°C and 800 kPa to a pressure of 200 kPa at a rate of 0.5 kg/s in an environment at 25°C. The 
change in kinetic energy is negligible, and no heat transfer occurs during the process. The power potential wasted during this 
process is 

(a) 0 (b) 0.20 kW (c) 47 kW (d) 59 kW (e) 1 19 kW 


Answer (d) 59 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

R=0.287 "kJ/kg.K" 

Cp=1 .005 "kJ/kg.K" 
m=0.5 "kg/s" 

T1 =50+273 "K" 

PI =800 "kPa" 

To=25 "C" 

P2=200 "kPa" 

"Temperature of an ideal gas remains constant during throttling since h=const and h=h(T)" 

T2=T1 

ds=Cp*ln(T2/T1 )-R*ln(P2/P1 ) 

X_dest=(T o+273)*m*ds "kW" 

"Some Wrong Solutions with Common Mistakes:" 

W1_dest=0 "Assuming no loss" 

W2_dest=(To+273)*ds "Not using mass flow rate" 

W3_dest=To*m*ds "Using C for To instead of K" 

W4_dest=m*(P1 -P2) "Using wrong relations" 
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8-145 Steam enters a turbine steadily at 4 MPa and 400°C and exits at 0.2 MPa and 150°C in an environment at 25°C. The 
decrease in the exergy of the steam as it flows through the turbine is 

(a) 58 kJ/kg (b)445kJ/kg (c)458kJ/kg (d) 518 kJ/kg (e) 597 kJ/kg 


Answer (e) 597 kJ/kg 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =4000 "kPa" 

T1=400 "C" 

P2=200 "kPa" 

T2=150 "C" 

To=25 "C" 

hi =ENTHALPY(Steam_IAPWS,T=T1 ,P=P1 ) 
si =ENTROPY(Steam_IAPWS,T=T1 ,P=P1 ) 
h2=ENTHALPY(Steam_IAPWS,T=T2,P=P2) 
s2=ENTROPY(Steam_IAPWS,T=T2,P=P2) 

"Exergy change of s fluid stream is Dx=h2-h1-To(s2-s1)" 

-Dx=h2-h1-(To+273)*(s2-s1 ) 

"Some Wrong Solutions with Common Mistakes:" 

-W1_Dx=0 'Assuming no exergy destruction" 

-W2_Dx=h2-h1 "Using enthalpy change" 

-W3_Dx=h2-h1-To*(s2-s1) "Using C for To instead of K" 

-W4_Dx=(h2+(T2+273)*s2)-(h1+(T1+273)*s1 ) "Using wrong relations for exergy" 


8- 146 ... 8- 150 Design and Essay Problems 
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Actual and Ideal Cycles, Carnot cycle, Air-Standard Assumptions, Reciprocating Engines 


9-2 


9-1C The air standard assumptions are: (1) the working fluid is air which behaves as an ideal gas, (2) all the processes are 
internally reversible, (3) the combustion process is replaced by the heat addition process, and (4) the exhaust process is 
replaced by the heat rejection process which returns the working fluid to its original state. 


9-2C The cold air standard assumptions involves the additional assumption that air can be treated as an ideal gas with 
constant specific heats at room temperature. 


9-3C It is less than the thermal efficiency of a Carnot cycle. 


9-4C It represents the net work on both diagrams. 


9-5C It is the ratio of the maximum to minimum volumes in the cylinder. 


9-6C The MEP is the fictitious pressure which, if acted on the piston during the entire power stroke, would produce the 
same amount of net work as that produced during the actual cycle. 


9-7C Yes. 


9-8C Assuming no accumulation of carbon deposits on the piston face, the compression ratio will remain the same 
(otherwise it will increase). The mean effective pressure, on the other hand, will decrease as a car gets older as a result of 
wear and tear. 


9-9C The SI and Cl engines differ from each other in the way combustion is initiated; by a spark in SI engines, and by 
compressing the air above the self-ignition temperature of the fuel in Cl engines. 


9- IOC Stroke is the distance between the TDC and the BDC, bore is the diameter of the cylinder, TDC is the position of the 
piston when it forms the smallest volume in the cylinder, and clearance volume is the minimum volume formed in the 
cylinder. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



9- HE The maximum possible thermal efficiency of a gas power cycle with specified reservoirs is to be determined. 
Analysis The maximum efficiency this cycle can have is 


9-3 


„ =] _Za 

'/th, Carnot 1 r-p 

1 H 


=i- 


(80 + 460) R 
(1 100 + 460) R 


= 0.654 = 65 . 4 % 
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9-4 


9-12 The three processes of an air-standard cycle are described. The cycle is to be shown on the P-i/and T-s diagrams, and 
the back work ratio and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air are given as R = 0.287 kJ/kg.K, c p = 1.005 kJ/kg.K, = 0.718 kJ/kg-K, and k= 1.4. 
Analysis (a) The P-c/ and T-s diagrams of the cycle are shown in the figures. 

(b) The temperature at state 2 is 

T 2 =T x ^- = (300 K) 700 kPa = 2100 K 
P x lOOkPa 


T 3 =T 2 = 2100 K 


During process 1-3, we have 

l 


* 3-1 m =-\Pdv = -P, O', -(/<) = -RCI\ - T 3 ) 

3 

= -(0.287 kJ/kg • K)(300 - 2100)K = 516.6kJ/kg 
During process 2-3, we have 


f f RT V, 7 (A 

nut = Pdv = dv = RTln^ = RTln — A = RT In 7 

■ out j j (/ (/, t/, 


_ V 71/, 

w 2-3 ,out ~ 

2 2 

= (0.287 kJ/kg • K)(2100)Kln7 = 1 172.8 kJ/kg 


The back work ratio is then 


w 


r bw = 


3-1 ,in 5 16.6 kJ/kg 


w 2 _3, 0 „, 1172.8 kJ/kg 


= 0.440 


Heat input is determined from an energy balance on the cycle during 
process 1-3, 

#1-3, m _ W 2-3 ,out = ^ u l-3 

<h-3,in~ = Au l-3 + W 2-3,out 

= C v (^3 _ ^1 ) + W 2-3, out 


= (0.718 kJ/kg • K)(2100 - 300) + 1 172. 8 kJ/kg 
= 2465 kJ/kg 


The net work output is 


Wnet = W 

(c) The thermal efficiency is then 
w net 656.2 kJ 


2-3 ,ou, - w 3 -i,„ = 1 172.8 - 5 16.6 = 656.2 kJ/kg 


7th = 


?in 2465 kJ 


= 0.266 = 26.6% 
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9-5 


9-13 The four processes of an air-standard cycle are described. The cycle is to be shown on P-i/and T-s diagrams, and the 
net work output and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The properties of air are given in Table A- 17. 


Analysis ( b ) The properties of air at various states are 


T x = 295 K 


h x = 295.17 kJ/kg 

P r =1.3068 

r \ 



h 

p 


p. 


600 kPa 
100 kPa 


(1.3068) = 7.841 


r 3 = 1500 K 


u 3 =1205.41 kJ/kg 
P r =601.9 

r 3 


u 2 =352.29 kJ/kg 
T 2 = 490.3 K 



^ 3^3 


T 2 



T 3 1500 K / x 

~^P 2 = (600 kPa) = l 835.6 kPa 

T 2 490.3 K 7 




100 kPa 
1835.6 kPa 


(601.9) = 32.79 


>/z 4 =739.71 kJ/kg 


From energy balances. 


q in =u 3 -u 2 =1205.41 -352.29 = 853.1 kJ/kg 


q out = h 4 - /ij = 739.71 - 295.17 = 444.5 kJ/kg 



w net,out = q in ~ q oul = 853.1 - 444.5 = 408.6kJ/kg 


(c) Then the thermal efficiency becomes 


^net.out 

Pth = 

Pin 


408.6 kJ/kg = Q 479 = 47 9 o /o 
853.1 kJ/kg 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



9-6 


9-14 



Problem 9-13 is reconsidered. The effect of the maximum temperature of the cycle on the net work output and 


thermal efficiency is to be investigated. Also, T-s and P-v diagrams for the cycle are to be plotted. 
Analysis Using EES, the problem is solved as follows: 


"Input Data" 

T[1]=295 [K] 

P[1]=100 [kPa] 

P[2] = 600 [kPa] 

T[3]= 1 500 [K] 

P[4] = 100 [kPa] 

"Process 1-2 is isentropic compression" 

s[1]=entropy(air,T=T[1],P=P[1]) 

s[2]=s[1] 

T[2]=temperature(air, s=s[2], P=P[2]) 

P[2]*v[2]/T[2]=P[1 ]*v[1 ]/T[1 ] 

P[1]*v[1]=R*T[1] 

R=0.287 [kJ/kg-K] 

"Conservation of energy for process 1 to 2" 
q_12 -w_12 = DELTAu_12 
q_12 =0"isentropic process" 

DELTAu_1 2=intenergy(air,T =T[2])-intenergy(air,T =T[1 ]) 

"Process 2-3 is constant volume heat addition" 
s[3]=entropy(air, T=T[3], P=P[3]) 
{P[3]*v[3]/T[3]=P[2]*v[2]/T[2]} 

P[3]*v[3]=R*T[3] 

v[3]=v[2] 

"Conservation of energy for process 2 to 3" 

q_23 -w_23 = DELTAu_23 

w_23 =0"constant volume process" 

DELTAu_23=intenergy(air,T =T[3])-intenergy(air,T =T[2]) 

"Process 3-4 is isentropic expansion" 

s[4]=entropy(air,T=T[4],P=P[4]) 

s[4]=s[3] 

P[4]*v[4]/T[4]=P[3]*v[3]/T[3] 

{P[4]*v[4]=0.287*T[4]} 

"Conservation of energy for process 3 to 4" 
q_34 -w_34 = DELTAu_34 
q_34 =0"isentropic process" 

DELTAu_34=intenergy(air,T =T[4])-intenergy(air,T =T[3]) 

"Process 4-1 is constant pressure heat rejection" 
{P[4]*v[4]/T[4]=P[1]*v[1]/T[1]} 

"Conservation of energy for process 4 to 1" 
q_41 -w_41 = DELTAu_41 

w_41 =P[1]*(v[1]-v[4]) "constant pressure process" 

DELTAu_41=intenergy(air,T=T[1])-intenergy(air,T=T[4]) 

q_in_total=q_23 

wnet = wl 2+w23+w34+w41 

Eta_th=w_net/qjn_total*100 "Thermal efficiency, in percent" 
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V total [KJ/kg] nth 


9-7 


T 3 

r«i 

T|th 

Q in, total 

[kJ/kfli 

w net 

fkJ/kfii 

1500 

47.91 

852.9 

408.6 

1600 

48.31 

945.7 

456.9 

1700 

48.68 

1040 

506.1 

1800 

49.03 

1134 

556 

1900 

49.35 

1229 

606.7 

2000 

49.66 

1325 

658.1 

2100 

49.95 

1422 

710.5 

2200 

50.22 

1519 

763 

2300 

50.48 

1617 

816.1 

2400 

50.72 

1715 

869.8 

2500 

50.95 

1813 

924 



T[3] [K] 



T[3] [K] 
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P [kPa] T [K] w net [kJ/kg] 


9-8 



T[3] [K] 


Air 
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9-9 


9-15 The three processes of an air-standard cycle are described. The cycle is to be shown on P-v and T-s diagrams, and the 
heat rejected and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K, = 0.718 kJ/kg-K, and k = IA (Table A- 

2). 


Analysis (b) The temperature at state 2 and the heat input are 


T 2 = T \ 


f P, ' 


\ P \ J 


(k—l)/k 


= (300 K 


1000 kPa 
100 kPa 


X 0.4/1 .4 


= 579.2 K 


Qin = m ( h 3 - h 2 ) = nK p ( T 3 - T 2 ) 

416 kJ = (0.5 kgXl.005 kJ/kg- -579.2) > T 3 = 1407.1 K 

Process 3-1 is a straight line on the P-v diagram, thus the w 31 is simply 
the area under the process curve, 



vv 3 ) = area = 




RT X RT 3 


V Pi 


f 1000 + 100 kPa"| 

' 300 K 

1407. IK." 

l 2 J 

[lOO kPa 

1000 kPa J 


P 3 J 

(0.287 kJ/kg • K) 


= 251.4 kJ/kg 

Energy balance for process 3-1 gives 


^in ^out ^^^system 


->-231put- W 31put= m ( M l ~ u 3) 


Q3ip a t = - mw 3imt- mc v( T i -7’ 3 ) = -m[vv’3 lp ut + c 1/ (7’ l -T 3 )] 
= -(0.5kg)[251.4 + (0.718 kJ/kg - KX300 - 1407. 1 )k] 

= 271.7 kJ 



(c) The thermal efficiency is then 


V th =! 


Q 


out 


Gin 


271.7 kJ 
416kJ 


= 0.347 = 34.7% 
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9-16E The four processes of an air-standard cycle are described. The cycle is to be shown on P- c/and T-s diagrams, and the 
total heat input and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 


Properties The properties of air are given in Table A-17E. 

Analysis ( b ) The properties of air at various states are 

T x = 540 R >u x = 92.04 Btu/lbm, h x = 129.06 Btu/lbm 



From energy balance, 

423jn = h 3~ h 2 = 849.48 - 537. 1 = 3 12.38 Btu/lbm 
9m = ^i 2 tn + ^ 23 ^n = 300 + 3 12.38 = 612.38 Btu/lbm 
q out = h 4 -h x = 593.22-129.06 = 464.16 Btu/lbm 



(c) Then the thermal efficiency becomes 


7* =1- 


^out 

^in 


= 1 - 


464.16Btu/lbm 

612.38Btu/lbm 


24.2% 
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9-17E The four processes of an air-standard cycle are described. The cycle is to be shown on P- c/and T-s diagrams, and the 
total heat input and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c p = 0.240 Btu/lbm.R, c„ =0.171 Btu/lbm.R, and k = 1.4 (Table 
A-2E). 

Analysis ( b ) The temperature at state 2 and the heat input are 
9m, 12 = U 2 ~ u \ = c v (^2 ~T\ ) 


300 Btu/lbm= (0. 171 Btu/lbm.R)(r 2 -540)R 
T 2 = 2294 R 


P 2 c / 2 P x v x 


77 


P 


P 2 

aP, = — P = 


P 


2294 R 
540 R 


(l4.7 psia) = 62.46 psia 



i/ 


q [n 23 = h 3 -h 2 -c P (P 3 -P 2 ) = (0.24 Btu/lbm- RX3200 - 2294)R = 217.4 Btu/lbm 


Process 3-4 is isentropic: 


T 4 = T 3 


fp N (M/t 


\ P 3 ) 


■ (3200 r{ 14 7 PS ' i ' 
\ 62.46 psia 


\ 0 . 4 / 1 .4 


= 21 17 R 


*7 in = 4in,i2 + ?in,23 = 300 + 217.4 = 517.4 Btu/lbm 

?out = K - h \ = c p ( T 4 ~ t \ )= (0-240 Btu/lbm.R)(21 17 - 540) = 378.5 Btu/lbm 


(c) The thermal efficiency is then 


>7th =1 


9out 


9i 


in 


378.5 Btu/lbm _ 

= 26.8% 

517.4 Btu/lbm 
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9-18 A Carnot cycle with specified temperature limits is considered. The maximum pressure in the cycle, the heat transfer to 
the working fluid, and the mass of the working fluid are to be determined. 

Assumptions Air is an ideal gas with variable specific heats. 

Analysis {a) In a Carnot cycle, the maximum pressure occurs at the beginning of the expansion process, which is state 1. 

7] = 1200 K > P r = 238 

(Table A- 17) 

T 4 = 350 K > P f . 4 = 2.379 

P ■ '1TO 

P x = — P 4 = (300 kPa) = 30,013 kPas 30.0 MPa= P niax 

P „ 2.379 

r 4 

( b ) The heat input is determined from 

Tr 350 K 

rj th = 1 - = l = 70.83% 

T h 1200 K 

Gin = W'net.out ' 7th = (0.5 kj)/(0.7083) = 0.706 kj 

(c) The mass of air is 



^4 ^3 




P* 

P, 


-(0.287 kJ/kg • K)ln 


300 kPa 
150 kPa 


= -0.199 kJ/kg - K = s l -s 2 

Wnet,out = (* 2 “ ~ t l) = (0- 199kJ/kg • K)(l200 - 350 )k = 169. 15kJ/kg 

^net,out 0.5 kJ aaawj 

m = = = 0.00296 kg 

W„et,out 169. 15 kJ/kg ^ 
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9-19 A Carnot cycle with specified temperature limits is considered. The maximum pressure in the cycle, the heat transfer to 
the working fluid, and the mass of the working fluid are to be determined. 

Assumptions Helium is an ideal gas with constant specific heats. 

Properties The properties of helium at room temperature are R = 2.0769 kJ/kg.K and k = 1.667 (Table A-2). 

Analysis (a) In a Carnot cycle, the maximum pressure occurs at the beginning of the expansion process, which is state 1. 



Qin =W net , out /^ th =(0.5 kj)/(0.7083) = 0.706 kj 


(c) The mass of helium is determined from 



-(2.0769 kJ/kg • K)ln 


300 kPa 
150 kPa 


= -1.4396 kJ/kg- K = jj -s 2 

w net,out =(^2 ~ s i\ t h - T L )= (l .4396 kJ/kg • K)(l 200 - 350 )k = 1223.7 kJ/kg 

^net.out 0.5 kJ ...... ..... , 

m = — = = 0.000409 kg 

w ne , out 1223.7 kJ/kg 
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9-20 A Carnot cycle with the specified temperature limits is considered. The net work output per cycle is to be determined. 
Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K, = 0.718 kJ/kg-K, R = 0.287 kJ/kg.K, and 
k= 1.4 (Table A-2). 


Analysis The minimum pressure in the cycle is P 3 and the maximum pressure is Pi. Then, 



r r p i ooo IcPt 

s 2 -s, =c„ In— - Sin — = -(0.287 kJ/kg • K)ln = 0. 1329kJ/kg • K 

2 1 p Tl i 5 ! 3000 kPa 

Q. m = mT H (s 2 - Sj ) = (0.6kgXll00 K)(o. 1329 kJ/kg • K)= 87.73 kJ 

Then, 

T 700 K 

77 th =1 — = 1 = 0.7273 = 72.7% 

t h hook 

W aeuout = n th Q in =(0.7273)(87.73kJ) = 63.8 kJ 
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9-21 A Carnot cycle executed in a closed system with air as the working fluid is considered. The minimum pressure in the 
cycle, the heat rejection from the cycle, the thermal efficiency of the cycle, and the second-law efficiency of an actual cycle 
operating between the same temperature limits are to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperatures are R = 0.287 kJ/kg.K and k = 1.4 (Table A-2). 

Analysis (a) The minimum temperature is determined from 

w net = (s 2 - i'l \t h - t l ) » 100 kJ/kg = (0.25 kJ/kg • KX950 - T L )K >T L = 550 K 

The pressure at state 4 is determined from 


h 

7', 


r p -\(*-i)/* 

M 


y p 4j 


or 


Pi=P 4 


k/(k- 1) 


T 


950 K 


1300 kPa = P 4 


r T \ 

V r 4 J 

/ xl. 4/0.4 

'950 


550 K 


■>P 4 =241.9 kPa 



The minimum pressure in the cycle is determined from 


A s l2 = —As * a = c n In 


34 


p 


Ta 

T* 


<Po 


-R\n 


Pa 

P* 


- 0.25 kJ/kg • K = -(0.287 kJ/kg • K>n 


241.9 kPa 


P* 


+ P* =101.2 kPa 


( b ) The heat rejection from the cycle is 

q out = T L As l2 = (550 K)(0.25 kJ/kg.K) = 137.5 kJ/kg 

(c) The thermal efficiency is determined from 


7th =1 “ 


T 


L 


T 


= 1 - 


H 


550 K 
950 K 


= 0.421 = 42.1% 


(d) The power output for the Carnot cycle is 

^Camot = rnw net = (95 kg/s)(100 kJ/kg) = 9500 kW 
Then, the second-law efficiency of the actual cycle becomes 


7h = 


W. 


actual 


Wn. 


Camot 


5200 kW 
9500 kW 


= 0.547 = 54.7% 
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9-22 An air-standard cycle executed in a piston-cylinder system is composed of three specified processes. The cycle is to be 
sketcehed on the P- i/and T-s diagrams; the heat and work interactions and the thermal efficiency of the cycle are to be 
determined; and an expression for thermal efficiency as functions of compression ratio and specific heat ratio is to be 
obtained. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air are given as R = 0.3 kJ/kg-K and =0.3 kJ/kg-K. 

Analysis (a) The P- i/and T-s diagrams of the cycle are shown in the figures. 


(b) Noting that 

c p =c„ +R = 0.7 + 0.3 = 1.0 kJ/kg-K 


k = C JL = M = i . 42 9 

c„ 0.7 


Process 1-2: Isentropic compression 


T 2 = T l 


vA '- 1 




= T { r k ~' = (293 K)(5 ) 0 ' 429 = 584.4 K 


w 


i- 2 , in = c v (T 2 ~ T \ ) = (0-7 kJ/kg -K)(584.4- 293) K = 204.0k J/kg 



# 1-2 -0 

From ideal gas relation, 

— = — = — = r >T 3 = (584.4X5) = 2922 

T 2 i / 2 i / 2 

Process 2-3: Constant pressure heat addition 

3 

W 2 - 3 , out = J Pd V = P 2 ( 1/3 - 1 / 2 ) = R(T 3 - T 2 ) 

2 

= (0.3 kJ/kg • K)(2922 - 584.4) K = 701 .3k J/kg 

^ 2-3 ,in =w 2-3,oul +/ ^ u 2-3 = ^2-3 

= c p (T 3 - T 2 ) = (1 kJ/kg • K)(2922 - 584.4) K = 2338k J/kg 



Process 3-1: Constant volume heat rejection 

^ 3—1 out = A ^!_3 = C v; (r 3 -7j ) = (0.7 kJ/kg -K)(2922 - 293) K = 1 840.3kJ/kg 


W 3 _! =0 

(c) Net work is 

=^ 2 - 3 , out" ^- 2 ,. = 701.3-204.0 = 497.3 kJ/kg-K 
The thermal efficiency is then 


7th = 


w 


net 


<h 


in 


497. 3 kJ 
2338 kJ 


= 0.213 = 21.3% 


(d) The expression for the cycle thermal efficiency is obtained as follows: 
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since 


<7in 

R(T 3 


w 2-3,out w \-2jn 
<7in 

T 2 )-c v (T 2 -T x ) 


c p (T 3 -T 2 ) 


R c v CI]r k ' -7 ~, ) 

C p c p {rT x r k ~ l -T x r k - 1 ) 


R 


C v T \ r 


k-\ 


r, 


Tx r 


k - 1 


C 


P 

R 


cT x r k ~\r- 1) 


1 


p 

R 


r, 


k(r - 1) 

1 ' 


1- 

V T x r 


k - 1 


k(r - 1) 


p 

M 

v ^ y 


V 1 r k ~ l j 


i-r. 1 


*(r-l) 


V r 


fc-1 


\ 

/ 




r — C 
^ p ^ v 


C 


P 


c 


p 


c , 


c 
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Otto Cycle 


9-23C The four processes that make up the Otto cycle are (1) isentropic compression, (2) v = constant heat addition, (3) 
isentropic expansion, and (4) v = constant heat rejection. 


9-24C They are analyzed as closed system processes because no mass crosses the system boundaries during any of the 
processes. 


9-25C The ideal Otto cycle involves external irreversibilities, and thus it has a lower thermal efficiency. 


9-26C It increases with both of them. 


9-27C For actual four-stroke engines, the rpm is twice the number of thermodynamic cycles; for two-stroke engines, it is 
equal to the number of thermodynamic cycles. 


9-28C Because high compression ratios cause engine knock. 


9-29C The thermal efficiency will be the highest for argon because it has the highest specific heat ratio, k = 1.667. 


9-30C The fuel is injected into the cylinder in both engines, but it is ignited with a spark plug in gasoline engines. 
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9-31 


An ideal Otto cycle is considered. The thermal efficiency and the rate of heat input are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c p = 
2a). 

Analysis The definition of cycle thermal efficiency reduces to 

^- 1 -^- 1 --^7r5T- 0f,096 - 61 - 0% 

The rate of heat addition is then 




7th 


90 kW 
0.6096 


=148kW 


1.005 kJ/kg.K, c v =0.718 kJ/kg-K, and k=\A (Table A- 



9-32 An ideal Otto cycle is considered. The thermal efficiency and the rate of heat input are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K, c w = 0.718 kJ/kg-K, and k = 1.4 (Table A- 
2a). 


Analysis The definition of cycle thermal efficiency reduces to 

i * - 1 - - 1 - Trrrr -0-5752-57.5% 

r 8.5 

The rate of heat addition is then 




7 th 


90 kW 
0.5752 


157kW 
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9-33 An ideal Otto cycle with air as the working fluid has a compression ratio of 8. The pressure and temperature at the end 
of the heat addition process, the net work output, the thermal efficiency, and the mean effective pressure for the cycle are to 
be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg.K. The properties of air are given in Table A- 17. 

Analysis (a) Process 1-2: isentropic compression. 


7j = 300K 


u x = 214.07kJ/kg 

i/ r = 621.2 

r \ 


v , = 


v 


i/. 


i/, = 


-i/ r = —(621.2) = 77.65 
r 1 8 V ' 


T 2 = 673. IK 
u 2 = 491.2 kJ/kg 


P 2 v 2 P\V\ 


Tn 


r, 


i/, t 2 

Aft = — — p = 


"2 T x 


1 = (sf 


673. IK 


\ 


\ 300 K 


(95 kPa)= 1705 kPa 



Process 2-3: (/ = constant heat addition. 


q 2 3 ; n = u 3 -u 2 >u 3 = u 2 + q 23 \ n = 491.2 + 750 = 1241.2 kJ/kg > 


T 3 = 1539 K 

(/, = 6.588 


^ 3 V 3 ^ 2 t/ 2 


T 


77 


T 3 

>p 3 =^p 2 = 


3 x 2 A 2 

( b ) Process 3-4: isentropic expansion. 


f 1539 K " 
673. IK 


(1705 kPa)= 3898 kPa 


= — v r = rv. = (8X6.588) = 52.70 

t/ 0 


T a = 774.5 K 


u 4 =571.69 kJ/kg 


Process 4-1: (/= constant heat rejection. 

q out =u 4 -u x =571.69-214.07 = 357.62 kJ/kg 


w 


net,out 


= <7in - <lout = 750-357.62 = 392.4 kJ/kg 


(c) 


id) 


^net,out 392.4 kJ/kg 
rj th = = = 52.3% 




in 


750 kJ/kg 


C/i = 


RT X (o.287kPa-m 3 /kg- k)(300K) 3/1 

- — L - 1 A 9 - = 0.906m 3 /kg = </ m; 


P 


95kPa 


max 


(/ 


C/ = C/o = 

min 2 


max 


MEP = 


^net,out ^net,out 392.4 kJ/kg 

+Pa-m 3 " 

t/i-t/ 2 (/^l-l/r) (o.906 m 3 /kg) 

(1-1/8) 

l ^ J 


= 495.0 kPa 
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9-34 Problem 9-33 is reconsidered. The effect of the compression ratio on the net work output and thermal efficiency 

is to be investigated. Also, T-s and P-v diagrams for the cycle are to be plotted. 

Analysis Using EES, the problem is solved as follows: 


"Input Data" 

T[1]=300 [K] 

P[1]=95 [kPa] 
q_23 = 750 [kJ/kg] 

{r_comp = 8} 

"Process 1-2 is isentropic compression" 

s[1]=entropy(air,T=T[1],P=P[1]) 

s[2]=s[1] 

T[2]=temperature(air, s=s[2], P=P[2]) 

P[2]*v[2]/T[2]=P[1 ]*v[1 ]/T[1 ] 

P[1]*v[1]=R*T[1] 

R=0.287 [kJ/kg-K] 

V[2] = V[1 ]/ r_comp 

"Conservation of energy for process 1 to 2" 
q_12 - w_12 = DELTAu_12 
q_12 =0"isentropic process" 

DELTAu_12=intenergy(air,T=T[2])-intenergy(air,T=T[1]) 
"Process 2-3 is constant volume heat addition" 
v[3]=v[2] 

s[3]=entropy(air, T=T[3], P=P[3]) 

P[3]*v[3]=R*T[3] 

"Conservation of energy for process 2 to 3" 

q_23 - w_23 = DELTAu_23 

w_23 =0"constant volume process" 

DELTAu_23=intenergy(air,T=T[3])-intenergy(air,T=T[2]) 

"Process 3-4 is isentropic expansion" 

s[4]=s[3] 

s[4]=entropy(air,T=T[4],P=P[4]) 

P[4]*v[4]=R*T[4] 

"Conservation of energy for process 3 to 4" 
q_34 -w_34 = DELTAu_34 
q_34 =0"isentropic process" 

DELTAu_34=intenergy(air,T=T[4])-intenergy(air,T=T[3]) 
"Process 4-1 is constant volume heat rejection" 

V[4] = V[1] 

"Conservation of energy for process 4 to 1" 

q_41 - w_41 = DELTAu_41 

w_41 =0 "constant volume process" 

DELTAu_41 =intenergy(air,T =T[1 ])-intenergy(air,T =T[4]) 

q_in_total=q_23 

q_out_total = -q_41 

wnet = wl 2+w23+w34+w41 

Eta_th=w_net/qJn_totariOO "Thermal efficiency, in percent" 
"The mean effective pressure is:" 

MEP = w_net/(V[1]-V[2])"[kPa]" 
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f"comp 

nth 

MEP [kPa] 

w ne , [kJ/kg] 

5 

43.78 

452.9 

328.4 

6 

47.29 

469.6 

354.7 

7 

50.08 

483.5 

375.6 

8 

52.36 

495.2 

392.7 

9 

54.28 

505.3 

407.1 

10 

55.93 

514.2 

419.5 


Air 




10' 2 10' 1 10 ° 10 1 10 2 

v [m 3 /kg] 
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r comp 
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9-35 An ideal Otto cycle with air as the working fluid has a compression ratio of 8. The pressure and temperature at the end 
of the heat addition process, the net work output, the thermal efficiency, and the mean effective pressure for the cycle are to 
be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k = 1.4 (Table A-2). 

Analysis (a) Process 1-2: isentropic compression. 


t 2 =t x 




k-l 


\"2J 


= (300K)(8) 0 ' 4 =689K 


P 2 v 2 P x v x 


T, 


r, 


*p 2 = 


i/ 2 T x 


2 x 1 

Process 2-3: i/= constant heat addition. 

#23jn =U 3 ~U 2 = C v (T 3 -T 2 ) 

750 kJ/kg = (0.7 1 8 kJ/kg • kXt 3 - 689)K 

T 3 = 1734 K 


689 K 
300 K 


\ 


(95 kPa) = 1745 kPa 



i/ 


^ 3 V 3 P 2^2 


77 


Tn 


77 

>P 3 =^P 2 = 


3 2 x 2 

( b ) Process 3-4: isentropic expansion. 


f 1734 K 3 
689 K 


(1745 kPa) = 4392 kPa 


T 4=r 3 




= (1734 K)fl 


\ 0.4 


= 755 K 


Process 4-1: (/= constant heat rejection. 

<? out = U A - Ml = c v {t 4 - 7i ) : = (0.718 kJ/kg • KX755 - 300)K = 327 kJ/kg 


w 


net,out 


= ^in - ^out = 750 ^ - 327 = 423 kJ/kg 


(c) 


(d) 


W net,out 423kJ/kg 
rj th = = = 56.4% 


Vi 


in 


750kJ/kg 


(/< = 


_ RT , _ (q. 287 kPam 3 /kg - k]( 300 K) , a9Q6 m , 


P, 


95 kPa 


c/ 


{/ = — 

min 2 

W 


max 


MEP = 


net,out 


W 


net,out 


423 kJ/kg 


V X -V 2 I/, (1-1 /r) (o.906m 3 /kg)(l-l/8) 


kPam 3 

kJ 


= 534 kPa 
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9-36E A six-cylinder, four-stroke, spark-ignition engine operating on the ideal Otto cycle is considered. The power 
produced by the engine is to be determined. 


9-25 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.3704 psiaft 3 /lbm.R (Table A- IE), c p = 0.240 Btu/lbm R, 
c,, = 0.171 Btu/lbm R, and k = 1.4 (Table A-2Ea). 

Analysis From the data specified in the problem statement, 

i/. 


r - 


l 


</o 0.098c/ 


= 10.20 


Since the compression and expansion processes are isentropic, 

= 7’ 1 r*“ 1 = (565 R)(l0.20) 1 ' 4-1 = 1430.7 R 


t 2 =t x 


T 4 = T 3 


f \*-l 




r .. ^ 



k - 1 


V 


v u 4 y 


= T, 


\ k ~ l 


= (2860 R) 


1 


10.20 


X 1.4-1 


= 1 129.4 R 


Application of the first law to the compression and expansion processes gives 

W net = ( T 3 ~ T 4)~ C v ( T 2 ~ T \ ) 

= (0.171 Btu/lbm- R)(2860 - 1 129.4)R - (0.171 Btu/lbm- R)(1430.7 -565)R 
= 147.9 Btu/lbm 

When each cylinder is charged with the air-fuel mixture, 

3 

I\1 I /WH- pSlcl • 1L 

1 “ 


Vt= ™L = (0-3704 psia • ft Vlbm- R)(565 R) = 3 


P x 14 psia 

The total air mass taken by all 6 cylinders when they are charged is 

>2 ci i a r ;nii\2 


m — N 


At/ .. nB L S! 4 tt( 3.5/124) "(3.9/ 12 ft)/4 


cyl 


= N 


t/. 


cyl 


= ( 6 ) 


= 0.008716 lbm 




i -i 14.95 ft /lbm 

The net work produced per cycle is 

Wnet — mw net = (0.0087 16 lbm)( 147.9 Btu/lbm)= 1.289 Btu/cycle 
The power produced is determined from 

W nel n (1 .289 Btu/cycle)(2500/60 rev/s) f lhp 


w = 

vy net 




rev 


2 rev/cycle 


0.7068 Btu/s 


= 38.0hp 


since there are two revolutions per cycle in a four-stroke engine. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



9-26 


9-37E An Otto cycle with non-isentropic compression and expansion processes is considered. The thermal efficiency, the 
heat addition, and the mean effective pressure are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.3704 psia ft 3 /lbm.R (Table A-1E), c p = 0.240 Btu/lbmR, 
c v = 0.171 Btu/lbm R, and k = 1.4 (Table A-2Ea). 

Analysis We begin by determining the temperatures of the cycle states 
using the process equations and component efficiencies. The ideal 
temperature at the end of the compression is then 


t 2s =t. 


f \ 

l/l 


k - 1 


\ U 2 J 


= T x r k ~ l =(520R)(8) L4_1 =1195R 


With the isentropic compression efficiency, the actual temperature at 
the end of the compression is 



7 = 


T 2s ~T\ 


T 2 ~T\ 


^ ^ Tis~T\ (1195-520) R 

->T 2 = T X + — = (520 R) ' 


7 


0.85 


= 1314R 


Similarly for the expansion, 




f 1/3 ^ 

k - 1 

rn 

k - 1 

rn 


= ^3 

A 1 

= (2300 + 460 R) 




{rj 




= 1201R 


7 = 


t 3 -t 4 


t 3 -t 4s 


*T 4 = r 3 - 77(7-3 -T 4s ) = (2760 R) - (0.95)(2760 - 1201) R = 1279 R 


The specific heat addition is that of process 2-3, 

q in = c„(T 3 -T 2 ) = (0. 17 1 B tu/lbm- R)(2760 -1314)R=247.3 Btu/I bm 
The net work production is the difference between the work produced by the expansion and that used by the compression, 
^net = c A T 3 ~T A )-C v {T 2 -7\) 

= (0.171B tu/lbm- R)(2760 - 1 279)R - (0. 1 7 1 B tu/lbm- R)(l 3 14 - 520)R 
= 117.5 B tu/lbm 

The thermal efficiency of this cycle is then 


w 


7th = 


net 


<h 


in 


117.5Btu/lbm 
247. 3 B tu/lbm 


= 0.475 


At the beginning of compression, the maximum specific volume of this cycle is 


i/i = 


RT X = (0,3704 psia- ft j /lbm-R)(520R) ^ g2ft3/lbm 


! 13psia 

while the minimum specific volume of the cycle occurs at the end of the compression 

3 

1^1 l^+.OZ 1L 

'2 _ 


i/! 14.82 ft /lbm 10C0 *3 /1U 

i/ 0 = — = = 1.852 ft /lbm 

r 8 


The engine’s mean effective pressure is then 

117.5 B tu/lbm 


MEP = 


w 


net 


v x -i/ 2 (14.82 -1.852) ft Vlbm 


^ 5.404 psia- ft 3 ^ 
1 Btu 


= 49.0psia 
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9-38E An ideal Otto cycle with air as the working fluid has a compression ratio of 8. The amount of heat transferred to the 
air during the heat addition process, the thermal efficiency, and the thermal efficiency of a Carnot cycle operating between 
the same temperature limits are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and 
potential energy changes are negligible. 3 Air is an ideal gas with variable 
specific heats. 

Properties The properties of air are given in Table A-17E. 

Analysis (a) Process 1-2: isentropic compression. 


7j = 540R 


u x = 92.04Btu/lbm 

</,. =144.32 
r \ 




t/2 




■^(144.32) = 18.04 


u 2 = 211.28 Btu/lbm 


Process 2-3: (/ = constant heat addition. 


T 3 = 2400R 


u 3 = 452.70 Btu/lbm 
i/ r =2.419 

r 3 


q in =u 3 -u 2 = 452.70 - 21 1.28 = 241 .42Btu/lbm 


(b) Process 3-4: isentropic expansion. 


= — ^3 = rv r =(8X2.419) = 19.35 

C/3 

Process 4-1: c/= constant heat rejection. 


u 4 = 205.54 Btu/lbm 


q out =u 4 — u x =205.54-92.04 = 113.50 Btu/lbm 


^th =1 


^out 

^in 


= 1 


113.50 Btu/lbm 
241.42 Btu/lbm 


53.0% 


(c) The thermal efficiency of a Carnot cycle operating between the same temperature limits is 


th,C _ 1 


Tl 

T h 


540 R 
2400 R 


77.5% 
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9-39E An ideal Otto cycle with argon as the working fluid has a compression ratio of 8. The amount of heat transferred to 
the argon during the heat addition process, the thermal efficiency, and the thermal efficiency of a Carnot cycle operating 
between the same temperature limits are to be determined. 

Assumptions 1 The air-standard assumptions are applicable with argon as the working fluid. 2 Kinetic and potential energy 
changes are negligible. 3 Argon is an ideal gas with constant specific heats. 

Properties The properties of argon are c p = 0.1253 Btu/lbm.R, c„ = 0.0756 Btu/lbm.R, and k = 1.667 (Table A-2E). 
Analysis ( a ) Process 1-2: isentropic compression. 


t 2 =t x 


r \*-i 

v. 


\” 2 ) 


= (540 R)(8) 0 - 667 = 2161 R 


Process 2-3: (/ = constant heat addition. 

9in = «3 “«2 = c v( T 3 -Tl) 

= (0.0756 B tu/lbm. R)( 2400 - 2 1 6 1 ) R 

= 18.07 Btu/lbm 



t/ 


(b) Process 3-4: isentropic expansion. 


( 


k - 1 


T 4 = T 3 


V 


J 


= (2400 R f | 


X 0.667 


= 600 R 


Process 4-1: i/= constant heat rejection. 

9out =u 4 —U\ = c u (t 4 - 7j ) = (0.0756 B tu/lbm.RXoOO - 540)R = 4. 536 Btu/lbm 

4.536 Btu/lbm 


^*=1-— =i 




in 


18.07 Btu/lbm 


= 74.9% 


(c) The thermal efficiency of a Carnot cycle operating between the same temperature limits is 


7 th,C 


T 


L 


T 


= 1 


H 


540 R 
2400 R 


= 77.5% 
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9-40 The expressions for the maximum gas temperature and pressure of an ideal Otto cycle are to be determined when the 
compression ratio is doubled. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Analysis The temperature at the end of the compression varies with the compression ratio as 

/ \k-\ 

T 2 =l\ — = T l r k ~ 1 

\ v 2j 

since T { is fixed. The temperature rise during the combustion remains constant since the 
amount of heat addition is fixed. Then, the maximum cycle temperature is given by 

T 3 = 4 ,„ /c v +T 2 = q in / c„ + T/- 1 

The smallest gas specific volume during the cycle is «/ 

"l 

v 3 = — 
r 

When this is combined with the maximum temperature, the maximum pressure is given by 




9-41 It is to be determined if the polytropic exponent to be used in an Otto cycle model will be greater than or less than the 
isentropic exponent. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Analysis During a polytropic process, 

P v n - constant p 

Tp(n-l)/n _ constant 

and for an isentropic process, 

Pv k - constant 
Tp(k~ l )' k = constant 

i/ 

If heat is lost during the expansion of the gas, 

T 4 > T 4 s 

where T 4s is the temperature that would occur if the expansion were reversible and adiabatic ( n=k ). This can only occur 
when 

n<k 
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Diesel Cycle 


9-30 


9-42C A diesel engine differs from the gasoline engine in the way combustion is initiated. In diesel engines combustion is 
initiated by compressing the air above the self-ignition temperature of the fuel whereas it is initiated by a spark plug in a 
gasoline engine. 


9-43C The Diesel cycle differs from the Otto cycle in the heat addition process only; it takes place at constant volume in the 
Otto cycle, but at constant pressure in the Diesel cycle. 


9-44C The gasoline engine. 


9-45C Diesel engines operate at high compression ratios because the diesel engines do not have the engine knock problem. 
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9-46 An air-standard Diesel cycle with a compression ratio of 16 and a cutoff ratio of 2 is considered. The temperature after 
the heat addition process, the thermal efficiency, and the mean effective pressure are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg.K. The properties of 

air are given in Table A- 17. ^ ^ q m 

Analysis ( a ) Process 1-2: isentropic compression. xT - 


r, = 300K 


u x = 214.07kJ/kg 

i/ r = 621.2 


*V 2 = — ^ =A„ =T (621.2) = 38.825 
i/, 1 r 16 


T 2 = 862.4 K 
h 2 = 890.9 kJ/kg 



Process 2-3: P = constant heat addition. 


P 3 V 3 ^ 2 t/ 2 


r 3 = T 2 = 2 T 2 = (2X862.4 K) = 1724.8 K 


h 3 =1910.6 kJ/kg 
t/ r =4.546 

r 2 


(b) q [n =h 3 -h 2 =1910.6-890.9 = 1019. 7kJ/kg 
Process 3-4: isentropic expansion. 

</,. = — v r = — 1/ = - 1 / = — (4.546) = 36.37 


u A = 659.7kJ/kg 


Process 4-1: (/ = constant heat rejection. 

q oui =u 4 -u x =659.7-214.07 = 445.63 kJ/kg 
„ '/out _ , 445.63 kJ/kg __ 

Vth - 1 “ 1 


1019.7 kJ/kg 


= 56.3% 


net,out 


= ^ in - ^ out = 1019.7 - 445.63 = 574.07 kJ/kg 


c/i = 


RT X _ (o.287 kPa • m 3 /kg • k)(300 K) 


95 kPa 


= 0.906 m /kg = v 


(/ = C/t = 

min 2 


MEP = 


net,out 


net,out 


i/j-i/j C/ X (l - 1 / r) 


574.07 kJ/kg fkPa-m 3 
(0.906m 3 /kg)(l-l/16)[ kJ 


= 675.9 kPa 
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9-47 An air-standard Diesel cycle with a compression ratio of 16 and a cutoff ratio of 2 is considered. The temperature after 
the heat addition process, the thermal efficiency, and the mean effective pressure are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and k 
= 1.4 (Table A-2). 

Analysis ( a ) Process 1-2: isentropic compression. P A 


Y 

T 2 = 7, = (300K)(16) 0 - 4 = 909.4K 


Process 2-3: P = constant heat addition. 


P 3^3 Pl u 2 


T 3 =— T 2 = 27’, =(2X909.4K) = 1818.8K 



(b) q in =h 3 — h 2 =c p (r 3 -7’ 2 ) = (l.005kJ/kg-KXl818.8-909.4)K = 913.9kJ/kg 
Process 3-4: isentropic expansion. 


T a =T 3 -2- =T 3 


= (1818.8K)I — I = 791. 7K 


Process 4-1: u= constant heat rejection. 

q OM =u 4 -Mj =c v (T 4 -7’ 1 )=(0.718kJ/kg-K)(791. 7-300 )K = 353kJ/kg 

353H,kS =61.4% 
q m 913.9 kJ/kg 


net.out 


= <lm -q 0 ut =913.9- 353 = 560.9kJ/kg 


t/, = 


RT { (o.287kPa- m 3 /kg -k](300 K) 3/1 

= — 1 = 1 ^ = 0.906 m 3 /kg = (/ I 


95 kPa 


^mm = ^2 = 


MEP = 


net,out 


net,out 


v i ~ v 2 ^(l-l/r) 


560.9 kJ/kg f kPa-m 3 
0. 906 m 3 /kg 1(1-1/16)^ kJ 


= 660.4 kPa 
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9-48 An ideal diesel cycle has a compression ratio of 17 and a cutoff ratio of 1.3. The maximum temperature of the air and 
the rate of heat addition are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2a). 


Analysis We begin by using the process types to fix the temperatures of the states. 


PA 2 


t 2 =t x 


t 3 =t 2 




\"2J 


r ^ 


= T x r k ~ x =(330K)(l7) 14_1 =1025 K 


V 


V^2 J 


= T 2 r c = (1025 K)(1.3)=1 332 K 


Combining the first law as applied to the various processes with the process equations gives 

k 


1 1 r c - 1 1 

»7th =!- — = 1 - 


r k ~ l k(r - 1) 


1 1.3 1 ' 4 -1 

17 1 ' 4 " 1 1 .4(1.3 - 1) 


= 0.6597 



9out 


(/ 


According to the definition of the thermal efficiency, 


G in = 


w. 


net 


140 kW 


77 th 0.6597 


= 212kW 
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9-49E An ideal diesel cycle has a a cutoff ratio of 1.4. The power produced is to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.3704 psiaft 3 /lbm.R (Table A- IE), c p = 0.240 Btu/lbmR, 
c v =0.171 Btu/lbm R, and k = 1.4 (Table A-2Ea). 

Analysis The specific volume of the air at the start of the compression is 


RT X (0.3704 psia- ft J /lbm-R)(5 10 R) 1<a 10#3/1U 

i/, = = = 13.12 ft /lbm 

P x 14.4 psia 

The total air mass taken by all 8 cylinders when they are charged is 


m = N, 


= N, 


nB l S / \ 


= ( 8 ) 


n(A / 12 ft) 2 (4 / 12 ft)/4 
13.12 ft 3 /lbm 


= 0.01774 lbm 



The rate at which air is processed by the engine is determined from 


mil (0.01774 lbm/ cy cl e)( 1 8 00/ 60 rev/ s ) 

N 2rev/cycle 


= 0.2661 lbm/s = 958.0 lbm/h 


since there are two revolutions per cycle in a four-stroke engine. The compression ratio is 


r = = 22.22 

0.045 


At the end of the compression, the air temperature is 
T 2 =T t r k ~' =(510R)(22.22) 1 ' 4 ^ 1 =1763R 

Application of the first law and work integral to the constant pressure heat addition gives 
q. n = Cp (T 3 -T 2 ) = (0.240 Btu/lbm-R)(2760-1763)R = 239.3Btu/lbm 

while the thermal efficiency is 

1 r k -1 1 1 4 1A -1 

/7 th =1 — ri — = 1 rrr- = 0.6892 

r k ~ l k(r- 1) 22.22 1 ' 4-1 1.4(1 .4-1) 


The power produced by this engine is then 

^net = mW net 

= (958.0 lbm/h)(0. 6892)(239. 3 Btu/lbm 

= 62.1hp 


2544.5 Btu/h 
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9-50 An ideal dual cycle has a compression ratio of 14 and cutoff ratio of 1.2. The thermal efficiency, amount of heat added, 
and the maximum gas pressure and temperature are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2a). 

Analysis The specific volume of the air at the start of the compression is 
RT X (0.287 kPa • m 3 /kg • K)(293 K) 


i/i = 


R 


80kPa 


= 1.051m /kg 


and the specific volume at the end of the compression is 

3 /Vo 

= 0.07508 irrVkg 


1.051m /kg /~v r\^icr\n 3 


^2 = — = 

r 14 

The pressure at the end of the compression is 


p 2 =p x 




\ V 2j 


= P l r k =(80kPa)(l4) 14 =3219kPa 


and the maximum pressure is 

P x =P 3 =r p P 2 =(1 .5)(3219 kPa)=4829kPa 

The temperature at the end of the compression is 


T 2 = t \ 


/ \ k ~ l 


= T l r k ~ l = (293K)(l4) M-1 = 842.0 K 


and 


T x = T 2 


r p ^ 

f_3 

\ P 2J 


= (842.0 K) 


4829 kPa 
3219 kPa 


= 1263 K 


From the definition of cutoff ratio 

ia, = r c v x = r c v 2 = (1.2)(0.07508 m 3 /kg) = 0.09010 m 3 /kg 
The remaining state temperatures are then 


77 = T. 


t 4 =t 3 


r s \ 

1^3 

\ U x J 




= (1263 K) 


0.09010 

0.07508 


=1516K 


k - 1 


7^4 7 


= (1516 K) 


0.09010 

1.051 


X 1.4-1 


= 567.5 K 


7 



Applying the first law and work expression to the heat addition processes gives 
9in =c v (T x -T 2 ) + c p (T 2 -T x ) 

= (0.718 kJ/kg • K)(1263 - 842.0)K + (1.005 kJ/kg • K)(1516 -1263)K 

= 556.5kJ/kg 

The heat rejected is 

q out = Cl/ (T 4 -7j) = (0.718 kJ/kg • K)(567.5 - 293)K = 197. 1 kJ/kg 
Then, ^-l-jg-.l- 197 - 1 ™* . 0.646 


<l\ 


in 


556.5 kJ/kg 
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9-51 An ideal dual cycle has a compression ratio of 14 and cutoff ratio of 1.2. The thermal efficiency, amount of heat added, 
and the maximum gas pressure and temperature are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c„ = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2). 


Analysis The specific volume of the air at the start of the compression is 

3 

i\i j / jvra • in 

'1 _ 


RT X (0.287 kPa • nr /kg • K)(253 K) A nA ^ 3/1 

i/, = = = 0.9076 m /kg 


R 


80kPa 


and the specific volume at the end of the compression is 

3 

u.yu/om 

'2 ~~ 


i/j 0.9076 m /kg 3/1 

c/o = — = = 0.06483 m /kg 


r 14 

The pressure at the end of the compression is 


r .. \ 


p 2 = p x 


(/ 


\ V 2J 


= P x r k =(80kPa)(l4) 14 =3219kPa 


and the maximum pressure is 

P x = P 3 =r p P 2 =(1 .5)(3219 kPa)=4829kPa 

The temperature at the end of the compression is 


T 2 =T\ 


r t/l ^ 


k-\ 


\”2J 


= T l r k ~ 1 = (253 K)(l4) L4_1 = 727.1 K 


and 


T x = T 2 


f p ^ 
f_3 

\ P 2J 


= (727. IK) 


4829 kPa 
3219 kPa 


= 1091 K 


From the definition of cutoff ratio 

v 3 = r c v x = r ( v 2 = (1.2)(0.06483 m 3 /kg) = 0.07780m 3 /kg 
The remaining state temperatures are then 


t 3 =t x 


t,=t 3 




= (1091 K) 




f .. \ 


0.07780 

0.06483 


=1309K 


k - 1 


C/ 


v u 4 y 


= (1309 K) 


0.07780 


X 1.4-1 


= 490.0 K 



0.9076 , 

Applying the first law and work expression to the heat addition processes gives 
9in = C v (T x -T 2 ) + C p (T 3 -T x ) 

= (0.7 1 8 kJ/kg • K )(1 09 1 - 727. 1 )K + (1 .005 kJ/kg • K)(l 309 - 109 1)K 

= 480.4kJ/kg 

The heat rejected is 

q out =c„(T 4 -T x ) = (0.718 kJ/kg • K)( 490.0 - 253)K = 170.2 kJ/kg 
Then, ,,=l-i~ =1 - l70 - 2H *g =0 .646 


Vi 


in 


480.4 kJ/kg 
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9-52E An air-standard Diesel cycle with a compression ratio of 18.2 is considered. The cutoff ratio, the heat rejection per 
unit mass, and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The properties of air are given in Table A-17E. 

Analysis (a) Process 1-2: isentropic compression. 

u x =98.90 Btu/lbm 


7j =580 R 


i/, =120.70 


^ = — ^ =A, =T^r (120.70) = 6.632 
t /, 1 r 1 18.2 


T 2 = 1725.8 R 
h 2 =429.56 Btu/lbm 


Process 2-3: P = constant heat addition. 


^ 3^3 

T, 


^ 2^2 

To 


(A T, 3200 R 


t/o To 1725.8 R 


= 1.854 



(b) 


T 3 = 3200 R 


-> 


h 3 =849.48 Btu/lbm 
i/ =0.955 


q in = h 3 - h 2 = 849.48 - 429.56 = 419.9 Btu/lbm 
Process 3-4: isentropic expansion. 


t/. 


(/ 


i/, = 


v, = 


4 




1.854^ 


v, = 


1.854 


t/, = 


18.2 

1.854 


(0.955) = 9.375 > u 4 =272.58 Btu/lbm 


Process 4-1: v = constant heat rejection: 

q out = u 4 -u { =272.58-98.90 = 173.7 Btu/lbm 
q ou{ , 173.7 Btu/lbm 


(■ c ) 


7th = 1 " 


= 1 - 




in 


419.9 Btu/lbm 


= 0.586 = 58.6% 
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9-53E An air-standard Diesel cycle with a compression ratio of 18.2 is considered. The cutoff ratio, the heat rejection per 
unit mass, and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c p = 0.240 Btu/lbm.R, c„ =0.171 Btu/lbm.R, and k = 1.4 
(Table A-2E). 


Analysis (a) Process 1-2: isentropic compression. 

r \*-i 


T 2 = T \ 


l/l 


= (580R)(18.2)°- 4 =1851R 


Process 2-3: P = constant heat addition. 

P 3 i/ 3 _ P 2 (/ 2 t/ 3 _ T 3 _ 3200 R 

1851 R 


= 1.729 



(h) q m = h 3 - h 2 = c p (7 3 -T 2 ) = (0.240 B tu/lbm. R)(3200 - 1 85 l)R = 323.7 Btu/lbm 


Process 3-4: isentropic expansion. 

/ \k - 1 


T 4 = T 3 


V 




= T, 


^1.729(/ 2 ' 




v, 


= (3200 R 


1.729 

18.2 


\ 0.4 


= 1248 R 


Process 4-1: (/= constant heat rejection. 

4out=«4 -M| =C v (T 4 -7i) 

= (0. 171 B tu/lbm. R)(l248 - 580)R 

= 114.2 Btu/lbm 


(c) 


Uth =i- 


? out 




in 


114.2 Btu/lbm 
323.7 Btu/lbm 


0.6472 = 64.7% 
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9-54 An ideal diesel engine with air as the working fluid has a compression ratio of 20. The thermal efficiency and the mean 
effective pressure are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c„ = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k=lA (Table A-2). 

Analysis ( a ) Process 1-2: isentropic compression. p 


T 2 =T X -±- = (293 k\20) oa = 97 1 . 1 K 


Process 2-3: P = constant heat addition. 


^ 3^3 ^ 2^2 


V 3 T 3 2200K 
C^ - 7^ _ 971.1K 


= 2.265 



Process 3-4: isentropic expansion. 


T 4= T 3 vr =t 3 

V A 


2.265V, 


2.265 


= (2200 K 


2.265 


= 920.6 K 


q. m =h 3 -h 2 = c p (r 3 -T 2 ) = (l. 005 kJ/kg *K)(2200- 971. l)K = 1235 kJ/kg 
q out =u 4 -u x = c v ( t 4 -T,)= (0.718 kJ/kg-KX920.6-293)K = 450.6 kJ/kg 


net,out 


= q [n - q out = 1235 - 450.6 = 784.4 kJ/kg 


^net,out 784.4 kJ/kg 

ip u = = = 63.5% 

q m 1235 kJ/kg 


t/i = 


- RT, _ (0-287kPanrVkgKj(293 _ 0 8 g 5 m -. /tg . „ 


95 kPa 


(/ =(/-,= 

min 2 


^net,out ^net,out 784.4kJ/kg ( kPa m 3 


MEP = ’ = 7 — -- , = 7 V-^ = 933 kPa 

V 1 -V 2 (1-1/0 (0.885 m 3 /kgll- 1/20)^ kJ ) 
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9-55 A diesel engine with air as the working fluid has a compression ratio of 20. The thermal efficiency and the mean 
effective pressure are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-2). 


Analysis (a) Process 1-2: isentropic compression. 


Mi = 209.06 kJ/kg 

7j = 293 K > ^ _ 659 2 (Table A - 1 7 ) 



(A 


i/t 


IA 



— (659.2) = 32.96 
20 v 


T 2 = 912.7 K 
h 2 =947.17 kJ/kg 


Process 2-3: P = constant heat addition. 


^ 3^3 _ ^ 2^2 
^3 ^2 



r 3 _ 2200 K 
T 2 ~ 912.7 K 


2.410 



r 3 = 2200 K > h 3 = 2503.2 kJ/kg, m 3 =1872.4 kJ/kg (Table A- 17) 

4 in = h 3 -h 2 = 2503.2 - 947. 17 =1556.0 kJ/kg 


Process 3-4: polytropic expansion. 


\ n ~ l r 


t,=t 3 


(A 


= T, 


2. 41 OCA 


n— 1 


V ^4 , 


= T, 


2.410 


X n-l 


= (2200 K 


2.410 


\ 0.35 


^34put 


V r ) 

_ r(t 4 -T 3 )_ (0.287 kJ/kg • K)(l049 - 2200) K _ 


1 -n 1-1.35 

T 4 = 1049 K >u 4 =801.13 kJ/kg (Table A-17) 

An energy balance gives 


20 

= 943. 8 kJ/kg 


= 1049 K 


r r _ a r 

^in ^out — ZA - C/ system 


^34, out vv 34,out -W 4 u 3 * #34put “ w 34,out ( w 4 u 7>) 

= -943 . 8 kJ/kg - (80 1 . 1 3 - 1 872. 4)kJ/kg = 127.5 kJ/kg 


Process 4-1: (/ = constant heat rejection. 

q 4 lput =u 4 -u x = (801.13 -209.06)kJ/kg = 592. lkJ/kg 
Total heat rejected is 

SW = ^34put + ^4i put = 127.5 + 592.1 = 719.6 kJ/kg 
and 

^netput = 4in - ^out = 1556 - 7 19.6 = 836.4 kJ/kg 


(b) 


= ^out = 836.4 kJ/kg = 0 5375 = 53 _ 8% 
q in 1556 kJ/kg 

RT X (o.287 kPa • m 3 /kg • k\293 K) ^ 

IA = L = ^ ^ = 0. 

1 Ar i r\ 


95 kPa 


= 0.8852 nv7kg = i/ m . 


max 


(/ 


(/ = = 

min 2 


max 


MEP = 


^netput ^netput 836.4 kJ/kg 

lkPa- m 3 

t/i-t/ 2 «/j(l-l !r) (0.8852 m 3 /kg) 

(l - 1/20) 1 

l kJ J 


=995kPa 
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9-56 Problem 9-55 is reconsidered. The effect of the compression ratio on the net work output, mean effective 

pressure, and thermal efficiency is to be investigated. Also, T-s and P- v diagrams for the cycle are to be plotted. 

Analysis Using EES, the problem is solved as follows: 


Procedure QTotal(q_12,q_23,q_34,q_41: q_in_total,q_out_total) 
q_in_total = 0 
q_out_total = 0 

IF (q_12 > 0) THEN q_in_total = q_12 ELSE q_out_total = - q_12 
If q_23 > 0 then q_in_total = q _in_total + q_23 else q_out_total = q_out_total - q_23 

If q_34 > 0 then q_in_total = q _in_total + q_34 else q_out_total = q_out_total - q_34 

If q_41 > 0 then q_in_total = q _in_total + q_41 else q_out_total = q_out_total - q_41 

END 

"Input Data" 

T[1]=293 [K] 

P[1]=95 [kPa] 

T[3] = 2200 [K] 
n=1.35 

{r_comp = 20} 

"Process 1-2 is isentropic compression" 

s[1]=entropy(air,T=T[1],P=P[1]) 

s[2]=s[1] 

T[2]=temperature(air, s=s[2], P=P[2]) 

P[2]*v[2]/T[2]=P[1 ]*v[1 ]/T[1 ] 

P[1]*v[1]=R*T[1] 

R=0.287 [kJ/kg-K] 

V[2] = V[1 ]/ r_comp 

"Conservation of energy for process 1 to 2" 
q_12 - w_12 = DELTAu_12 
q_12 =0"isentropic process" 

DELTAu_12=intenergy(air,T=T[2])-intenergy(air,T=T[1]) 

"Process 2-3 is constant pressure heat addition" 

P[3]=P[2] 

s[3]=entropy(air, T=T[3], P=P[3]) 

P[3]*v[3]=R*T[3] 

"Conservation of energy for process 2 to 3" 
q_23 - w_23 = DELTAu_23 

w_23 =P[2]*(V[3] - V[2])"constant pressure process" 
DELTAu_23=intenergy(air,T=T[3])-intenergy(air,T=T[2]) 

"Process 3-4 is polytropic expansion" 

P[3]/P[4] =(V[4]/V[3]) A n 
s[4]=entropy(air,T=T[4],P=P[4]) 

P[4]*v[4]=R*T[4] 

"Conservation of energy for process 3 to 4" 

q_34 - w_34 = DELTAu_34 "q_34 is not 0 for the ploytropic process" 
DELTAu_34=intenergy(air,T=T[4])-intenergy(air,T=T[3]) 

P[3]*V[3] A n = Const 
w 34=(P[4]*V[4]-P[3]*V[3])/(1 -n) 

"Process 4-1 is constant volume heat rejection" 

V[4] = V[1] 

"Conservation of energy for process 4 to 1" 

q_41 - w_41 = DELTAu_41 

w_41 =0 "constant volume process" 

DELTAu_41=intenergy(air,T=T[1])-intenergy(air,T=T[4]) 

Call QTotal(q_12,q_23,q_34,q_41: q_in_total,q_out_total) 
w net = w 12+w 23+w 34+w 41 
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Eta_th=w_net/qJn_totariOO "Thermal efficiency, in percent" 
"The mean effective pressure is:" 

MEP = w_net/(V[1]-V[2]) 


f"comp 

T|th 

MEP 

fkPal 

W ne t 

[kJ/kfli 

14 

47.69 

970.8 

797.9 

16 

50.14 

985 

817.4 

18 

52.16 

992.6 

829.8 

20 

53.85 

995.4 

837.0 

22 

55.29 

994.9 

840.6 

24 

56.54 

992 

841.5 


2400 
2200 
2000 
1800 
1600 
1400 
1200 
1000 
800 
600 
400 
200 

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 

s [kJ/kg-K] 


Air 
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9-57 A four-cylinder ideal diesel engine with air as the working fluid has a compression ratio of 22 and a cutoff ratio of 1.8. 
The power the engine will deliver at 2300 rpm is to be determined. 

Assumptions 1 The cold air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 
Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k = 1.4 (Table A-2). 


Analysis Process 1-2: isentropic compression. 

= (343 K)(22)°' 4 = 1181 K 


7W! 






Process 2-3: P = constant heat addition. 

— > T 3 =^T 2 =1.ST 2 =(l.8)(l 181 k) = 2126 K 




^ 2^2 


7; 


77 


(A 



Process 3-4: isentropic expansion. 


T 4 = T 3 


\^4 J 


=n 


''l.2V 2 a k 1 

, 


= 77 


= (2216 k/— 1°' 4 

v r J V 22 J 


= 781 K 


For the cycle: 


m - 


PM 


(97 kPa)(0. 0024 m 3 ) 


W, 


RT\ (0.287 kPa • m 3 /kg • K)(343 K) 

Gin = m i h 3 ~ h 2 ) = mC p ( T 3 ~ T 2 ) 

= (0.002365 kg)(l . 005 kJ/kg • K)( 22 1 6 - 1 1 8 1)K 
= 2.246 kJ 

Gout = m { U A - U\ ) = mc v (T 4 - T x ) 

= (0.002365 kg)(0.7 18 kJ/kg • KX781 - 343)K 
= 0.7438 kJ 

= <2 in - Gout = 2.246 - 0.7438 = 1.502 kJ/rev 


= 0.002365 kg 


net, out 5^in 


'out 


1 / 


^net,out “ ^^net,out “ (3500/60 rev/s )(l .502 kJ/rev) = 87.6 kW 

Discussion Note that for 2-stroke engines, 1 thermodynamic cycle is equivalent to 1 mechanical cycle (and thus revolutions). 
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9-58 A four-cylinder ideal diesel engine with nitrogen as the working fluid has a compression ratio of 22 and a cutoff ratio 
of 1.8. The power the engine will deliver at 2300 rpm is to be determined. 

Assumptions 1 The air-standard assumptions are applicable with nitrogen as the working fluid. 2 Kinetic and potential 
energy changes are negligible. 3 Nitrogen is an ideal gas with constant specific heats. 

Properties The properties of nitrogen at room temperature are c p = 1.039 kJ/kg-K, = 0.743 kJ/kg-K, R = 0.2968 
kJ/kg-K, and k= 1.4 (Table A-2). 

Analysis Process 1-2: isentropic compression. 


t 2 =t x 




k - 1 




= (343 K)(22)°- 4 = 1181K 


Process 2-3: P = constant heat addition. 

— » T 3 = —T 2 =1.8T 2 =(1.8Xi181K) = 2126K 




^ 2^2 


r. 


77 


V' 


Process 3-4: isentropic expansion. 


T 4 =T 3 


fiO 

k- 1 

f 2.21/, 'l 

k- 1 

( 21 1 

J 

= h 


= t 3 




l v J 


l r J 


= (2216 K (H 


\ 0.4 

) 


= 781 K 


For the cycle: 


m = 


m 


(97 kPa)(0.0024 m 3 ) 


RT X (0.2968 kPa • m 3 /kg • K)(343 K) 


= 0.002287 kg 


Gin = m i h 3 ~ h 2 ) = mc P i T 3 ~ T 2 ) 

= (0.002287 kg)(1.039 kJ/kg • K)(2216 - 1181)K 
= 2.245 kJ 

Gout = m ( u 4 ~ U \)= mc v (^4 - T \ ) 

= (0.002287 kgX0.743 kJ/kg • K)(781 - 343)K 
= 0.7443 kJ 


W, 


net,out 


= Q m - Q out = 2.245 - 0.7443 = 1.501 kJ/rev 


W = hW 

vr net, out r net, out 



'out 


1/ 


= (3500/60 rev/s Xl .501 kJ/rev) = 87.5 kW 
Discussion Note that for 2-stroke engines, 1 thermodynamic cycle is equivalent to 1 mechanical cycle (and thus revolutions). 
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9-59E An ideal dual cycle has a compression ratio of 15 and cutoff ratio of 1.4. The net work, heat addition, and the thermal 
efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.3704 psiaft 3 /lbm.R (Table A- IE), c p = 0.240 Btu/lbm R, 
c v = 0.171 Btu/lbm R, and k = 1.4 (Table A-2Ea). 

Analysis Working around the cycle, the germane properties at the various states are 






k - 1 


V V 2 J 


= 7+ _1 =(535R)(15) 1 - 4 ^ 1 =1580R 


P 2 =P X 




V^2 y 


= P x r k = (14.2 psia)(l5) L4 = 629.2 psia 


P x = P 3 = r p P 2 = (1.1)(629.2 psia) = 692.1 psia 


t x =t 2 


t 3 =t x 


r P ^ 

L X 

y p 2 j 


_3 


= (1580 R) 


r 692. lpsia^ 



= 1738 R 


629. 2 psia 
= Tr = (1738 R)(1.4) = 2433 R 


1 

f i/ 3 ) 

k- 1 


k- 1 

f L4 1 

II 

E*? 


= T, 


= (2433 R) 

1 

AJ 


l r J 


v 15 J 


= 942.2 R 

15; 

Applying the first law to each of the processes gives 

wj_ 2 = c v (T 2 -T x ) = (0.171 Btu/lbm- R)(1580-535)R = 178.7 Btu/lbm 

q 2 x =c„(T x -T 2 ) =(0.171 Btu/lbm- R)(1738-1580)R = 27.02 Btu/lbm 
q x _ 3 =c p (T 3 — T x ) = (0.240 Btu/lbm- R)( 2433 -1738)R = 166.8 Btu/lbm 
w x _ 3 =q x _ 3 -c v (T 3 —T x ) = 166.8 Btu/lbm- (0.171 Btu/lbm* R)(2433-1738)R = 47.96 Btu/lbm 
w 3 4 =c v (T 3 - T 4 ) = (0. 171 Btu/lbm- R)(2433-942.2)R = 254.9 Btu/lbm 
The net work of the cycle is 

w net = w 3~4 +w x -3 ~ w \-2 =254.9 + 47.96-178.7 =124. 2 Btu/lbm 
and the net heat addition is 

9m = 92 -a- + 9x- 3 = 27.02+166.8 = 193. 8Btu/lbm 
Hence, the thermal efficiency is 


w 


9th = 


net 




in 


124.2 Btu/lbm 
193.8 Btu/lbm 


= 0.641 
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9-60 N4iV An ideal dual cycle with air as the working fluid has a compression ratio of 14. The fraction of heat transferred 
at constant volume and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The properties of air are given in Table A- 17. 

Analysis (a) Process 1-2: isentropic compression. 

u x = 214.07 kJ/kg 


7j = 300 K 


i/ r = 621.2 

A 1 


T 2 = 823. 1 K 


v r = — </, =-(/, =—(621.2) = 44.37 > 

2 </ x 1 r 1 14 v ' u 2 = 61 1.2 kJ/kg 


Process 2-x, x-3 : heat addition, 


T 3 = 2200 K 


h 3 = 2503.2 kJ/kg 
c/, = 2.012 



out 


(/ 


^ in = 9x-2,in + ?3-x,in = («* ~h x ) 

1520.4 = {u x - 611 .2)+ (2503.2 - h x ) 

By trial and error, we get 

T v = 1300 K and h x = 1395.97, Mjc = 1022.82 kJ /kg. 


Thus, 


and 


42-*, in — m v - m 2 - 1022.82-611.2 = 411.62 kJ/kg 
42-*, in 41 1.62 kJ/kg 


ratio = 


4i 


in 


(b) 


^ 3^3 ^* v * 


= 27.1% 

1520.4 kJ/kg 

i/ 3 T 3 2200 K 






t/ v r v 1300 K 


= 1.692 = r„ 


^4 

(/.- = — c/. = 

A 4 r 3 


1/ 


14 


</ 3 " 3 1.692c/ 2 r 


c/, = 


(/, = 


1.692 3 1.692 

Process 4-1: (/= constant heat rejection. 

q out = u 4 - u x = 886.3 - 214.07 = 672.23 kJ/kg 

^^l-^ = 1 - 672 - 23kJ/k g ^55.8% 


(2.012) = 16.648 > u 4 =886.3 kJ/kg 


<h 


in 


1520.4 kJ/kg 
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9-61 ““ Problem 9-60 is reconsidered. The effect of the compression ratio on the net work output and thermal efficiency 
is to be investigated. Also, T-s and P-v diagrams for the cycle are to be plotted. 

Analysis Using EES, the problem is solved as follows: 


"Input Data" 

T[1]=300 [K] 

P[1]=100 [kPa] 

T[4]=2200 [K] 
q_in_total=1520 [kJ/kg] 
r_v = 14 

v[1]/v[2]=r_v "Compression ratio" 

"Process 1-2 is isentropic compression" 

s[1]=entropy(air,T=T[1],P=P[1]) 

s[2]=s[1] 

s[2]=entropy(air, T=T[2], v=v[2]) 

P[2]*v[2]/T[2]=P[1 ]*v[1 ]/T[1 ] 

P[1]*v[1]=R*T[1] 

R=0.287 [kJ/kg-K] 

"Conservation of energy for process 1 to 2" 

q_12 -w_12 = DELTAu 12 

q_12 =0 [kJ/kg]"isentropic process" 

DELTAu_1 2=intenergy(air,T =T[2])-intenergy(air,T =T[1 ]) 
"Process 2-3 is constant volume heat addition" 
s[3]=entropy(air, T=T[3], P=P[3]) 
{P[3]*v[3]/T[3]=P[2]*v[2]/T[2]} 

P[3]*v[3]=R*T[3] 

v[3]=v[2] 

"Conservation of energy for process 2 to 3" 

q_23 -w_23 = DELTAu_23 

w_23 =0"constant volume process" 

DELTAu_23=intenergy(air,T =T[3])-intenergy(air,T =T[2]) 

"Process 3-4 is constant pressure heat addition" 

s[4]=entropy(air, T=T[4], P=P[4]) 

{P[4]*v[4]/T[4]=P[3]*v[3]/T[3]} 

P[4]*v[4]=R*T[4] 

P[4]=P[3] 

"Conservation of energy for process 3 to4" 

q_34 -w_34 = DELTAu_34 

w_34 =P[3]*(v[4]-v[3]) "constant pressure process" 

DELTAu_34=intenergy(air,T=T[4])-intenergy(air,T=T[3]) 

q_i n_tota I =q_23+q_34 

"Process 4-5 is isentropic expansion" 

s[5]=entropy(air,T=T[5],P=P[5]) 

s[5]=s[4] 

P[5]*v[5]/T[5]=P[4]*v[4]/T[4] 

{P[5]*v[5]=0.287*T[5]} 

"Conservation of energy for process 4 to 5" 

q_45 -w_45 = DELTAu_45 

q_45 =0 [kJ/kg] "isentropic process" 

DELTAu_45=intenergy(air,T =T[5])-intenergy(air,T =T[4]) 

"Process 5-1 is constant volume heat rejection" 

v[5]=v[1] 

"Conservation of energy for process 2 to 3" 

q_51 -w_51 = DELTAu_51 

w_51 =0 [kJ/kg] "constant volume process" 

DELTAu_51=intenergy(air,T=T[1])-intenergy(air,T=T[5]) 
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wnet = wl 2+w23+w34+w45+w51 

Eta_th=w_net/q_in_totarConvert(, %) "Thermal efficiency, in percent" 


r v 

rith [%1 

Wnet [kJ/kg] 

10 

52.33 

795.4 

11 

53.43 

812.1 

12 

54.34 

826 

13 

55.09 

837.4 

14 

55.72 

846.9 

15 

56.22 

854.6 

16 

56.63 

860.7 

17 

56.94 

865.5 

18 

57.17 

869 


T-s Diagram for Air Dual Cycle 



s [kJ/kg-K] 


P-v Diagram for Air Dual Cycle 
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9-62 An ideal dual cycle with air as the working fluid has a compression ratio of 14. The fraction of heat transferred at 
constant volume and the thermal efficiency of the cycle are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c„ = 0.718 kJ/kg-K, and k = 1.4 (Table A- 

2). 


Analysis (a) Process 1-2: isentropic compression. 


T 2 = T \ 


^ l/t ^ 


k-l 


V^2 J 


= (300 K)(14) 0 - 4 = 862 K 


Process 2-x, x-3 : heat addition, 

4in =<l2-x,m+q3-x,in = ( u x ~ u 2 )+ ( h 3 ~ h x ) 
= c v fix ~ ^2 ) + c p (^3 “ T x ) 



-out 


C/ 


Solving for T x we get T x = 250 K which is impossible. Therefore, constant specific heats at room temperature turned out to 
be an unreasonable assumption in this case because of the very high temperatures involved. 


9-63 An expression for cutoff ratio of an ideal diesel cycle is to be developed. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Analysis Employing the isentropic process equations, 

twT " 1 

while the ideal gas law gives 
T, =T 2 r c =r c r k -'T, 

When the first law and the closed system work integral is applied to the 
constant pressure heat addition, the result is 



4in =c p (T 3 -T 2 ) = c p (r c r k l T t -r k %) 
When this is solved for cutoff ratio, the result is 


= 1 + 
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9-64 The five processes of the dual cycle is described. The P- i/and T-s diagrams for this cycle is to be sketched. An 
expression for the cycle thermal efficiency is to be obtained and the limit of the efficiency is to be evaluated for certain 
cases. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Analysis (a) The P- i/and T-s diagrams for this cycle are as shown. 




(b) Apply first law to the closed system for processes 2-3, 3-4, and 5-1 to show: 

9 i =C,(T J -T 2 )+C,(7;-7’3) 

4 out ~ T (T ~^1 ) 

The cycle thermal efficiency is given by 

c iout _ i T (T ~ ) 


v,„ = i - 


n,„ = i - 


= i- 


q 


in 


c,( 7 ' 3 - 7 ',)+c„(r 4 -r 3 ) 

(TsIT,-!) 


= 1 - 


T,(T 5 IT,-1) 


T 2 (T,IT 2 ~l) + kT,(T t IT 3 -l) 


T2 (t s /t 2 -i)+At,it,-i) 


Ty 


Process 1-2 is isentropic; therefore, 


T 

Ty 


f T T \ 


k - 1 




\YiJ 


= r 


k - 1 


Process 2-3 is constant volume; therefore, 


T PV P 

1 3 _ 1 3 y 3 —pA— r 

T PV P 

1 2 1 2 y 2 l 2 


P 


Process 3-4 is constant pressure; therefore, 

PV PV T V 

1 4 y 4 _ 1 3 y 3 *-_4_ _ ^ 


P 


P 


P V 

2 3 V 3 


4 A 3 

Process 4-5 is isentropic; therefore, 


71 


5 _ 


fv.'l 

k-l 

^1 
V 

k-l 

( rV^ 

r c y 3 

k-l 


k-l 

fr A 

UJ 




U J 


V V, j 


<r) 


k-l 


t ; 


Process 5-1 is constant volume; however T 5 /T 1 is found from the following. 


7 ± = j ±t±IlT = 

Ty T 4 T 3 T 2 T x 


f , V - 1 

' c 


\ r J 


k - 1 k 

’c r p r ~ c ’ p 
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The ratio T 3 /T { is found from the following. 

T = TT = r /-' 

T x T 2 T x p 

The efficiency becomes 


^ =| -— 


k 1 

r c - 1 


rk \ r P -\) + kr p r k '(r -l) 


(c) In the limit as r p approaches unity, the cycle thermal efficiency becomes 


limn, =1- 


r p ~> 1 


lim 


1 


r c r p -1 


r k l { r P -1 ) + kr p r k 1 (r c -l) 


lim % i =1 -^r 




A: -I 

r — 1 


*( r c -l) 


= n, h 


Diesel 


(d) In the limit as r c approaches unity, the cycle thermal efficiency becomes 


lim 77 , = 1- 


r,->l 


lim 

r P^ 


r c r p - 1 


rk '\ r p -1 ) + kr p r k - l (r c -l) 


= 1 - 


r P~ l 


.k-1 




= i — k=i = n th 


K . — >1 


Otto 
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Stirling and Ericsson Cycles 


9-54 


9-65C The Stirling cycle. 


9-66C The two isentropic processes of the Carnot cycle are replaced by two constant pressure regeneration processes in the 
Ericsson cycle. 


9-67C The efficiencies of the Carnot and the Stirling cycles would be the same, the efficiency of the Otto cycle would be 
less. 


9-68C The efficiencies of the Carnot and the Ericsson cycles would be the same, the efficiency of the Diesel cycle would be 
less. 


9-69E An ideal Ericsson engine with helium as the working fluid operates between the specified temperature and pressure 
limits. The thermal efficiency of the cycle, the heat transfer rate in the regenerator, and the power delivered are to be 
determined. 

Assumptions Helium is an ideal gas with constant specific heats. 

Properties The gas constant and the specific heat of helium at room temperature are R = 0.4961 Btu/lbm.R and c p = 1.25 
Btu/lbm R (Table A-2E). 

Analysis ( a ) The thermal efficiency of this totally reversible cycle is determined from 


7th = l 


T 


L 


T 


= 1 


H 


550R 

3000R 


= 81.67% 


( b ) The amount of heat transferred in the regenerator is 

^ regen = Qa tin = "Ml ~ h 4 ) = ™ p fa “ T 4 ) 

= (14 lbm/sXl.25 Btu/lbm- R )(3000-55())R 

= 42,875 Btu/s 

(c) The net power output is determined from 



Sn Si — 


j <Po p 25 

i =c„ In— - /tin— = -(0.4961 Btu/lbm- R)ln ^ a = 1.0316 Btu/lbm- R 

' 7’, P, 200 psia 


Q. n = ml H (,v 2 ~ Sj )= (14 lbm/s)(3000 R)(l.0316 Btu/lbm- R)= 43,328 Btu/s 
^net,out = '7, h e i n = (0.8167X43,328)= 35,384 Btu/s 
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9-70 An ideal Stirling engine with helium as the working fluid operates between the specified temperature and pressure 
limits. The thermal efficiency of the cycle, the amount of heat transfer in the regenerator, and the work output per cycle are 
to be determined. 

Assumptions Helium is an ideal gas with constant specific heats. 

Properties The gas constant and the specific heat of helium at room temperature are R = 2.0769 kJ/kg.K, c v = 3.1156 
kJ/kg.K and c p = 5.1926 kJ/kg.K (Table A-2). 

Analysis (a) The thermal efficiency of this totally reversible cycle is determined from 


7th =1 


T 


L 


T 


= 1 


H 


300 K 
2000 K 


= 85.0% 


( b ) The amount of heat transferred in the regenerator is 

Gregen = G4I411 = m { u \ ~ U 4 )= lttC u ( T ^ - T A ) 

= (0.12 kg)(3. 1 1 56 kJ/kg • K)(2000 - 300 )K 

= 635.6 kj 

(c) The net work output is determined from 


^ 3^3 

77 


p \V\ 

r, 


(A 


V, 

t,p 3 


(300 K)(3000 kPa) v 


= 3 = 


i/, 


*2 “*1 = ln 


Ti 

r, 


<^0 


T 


2000 K 


300 K 


+ 


(2000 K)(l50 kPa) 

Rln — = (2.0769 kJ/kg • K)ln(3) = 2.282 kJ/kg • K 


4 



s 


Q- m = mT H (s 2 - ) = (o. 12 kg)(2000 KX2.282 kJ/kg • K) = 547.6 kJ 
W ne ,out='7thGin = (0.85X547.6 kj) = 465.5 kj 
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9-71 An ideal steady-flow Ericsson engine with air as the working fluid is considered. The maximum pressure in the cycle, 
the net work output, and the thermal efficiency of the cycle are to be determined. 

Assumptions Air is an ideal gas. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Analysis (a) The entropy change during process 3-4 is 


and 


s 4 ^3 


^34, out 


150 kJ/kg 
300 K 


-0.5 kJ/kg- K 


s 4 -s 3 =c p \n 


r r p 

-ri nil 


77 


A 


= -(0.287 kJ/kg- K)ln 


r 4 

120 kPa 


= -0.5 kJ/kg- K 



It yields P A = 685.2 kPa 

(Z?) For reversible cycles, 

q ouX T t T h 1200 K / \ 

— = A" > <7in - A <7ou« = 77^- (150 kJ/kg) = 600 kJ/kg 

Qin t h T l 300 K 

Thus, 

^net.out = 7m “ <7out = 600-150 = 450 kJ/kg 


(c) The thermal efficiency of this totally reversible cycle is determined from 


Ah =1 


T 


L 


T 


H 


300K 

1200K 


75.0% 


9-72E An ideal Stirling engine with air as the working fluid is considered. The temperature of the source-energy reservoir, 
the amount of air contained in the engine, and the maximum air pressure during the cycle are to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.3704 psiaftVlbm.R (Table A- IE), c p = 0.240 Btu/lbmR, 
= 0.171 Btu/lbm R, and k= 1.4 (Table A-2Ea). 

Analysis From the thermal efficiency relation, 


Ah = 


^ / net _ 1 T l 


2m 


T 


H 


2Btu , 535 R 

-> = 1 - 

5 Btu 


T 


->T h =891 .7R 


H 


State 3 may be used to determine the mass of air in the system, 


m = 


P 3 i/ 3 


(15 psia)(0.5 ft 3 ) 


RT 3 (0.3704 psia • ft Vlbm • R)(535 R) 


= 0.03785lbm 



The maximum pressure occurs at state 1 , 


p _ mRT ! _ (0.03785 lbm)(0.3704 psia • ft 3 /lbm- R )(89 1 .7 R) OQg g ; ( , 

0.06ft 3 “ ' PS ' a 
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9-73E An ideal Stirling engine with air as the working fluid is considered. The temperature of the source-energy reservoir, 
the amount of air contained in the engine, and the maximum air pressure during the cycle are to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.3704 psia-ft 3 /lbm.R, c p = 0.240 Btu/lbmR, =0.171 
Btu/lbmR, and k = 1.4 (Table A-2E). 

Analysis From the thermal efficiency relation, 

2.5 Btu 


7th = 


w net _ 1 T L 
T 


Q m 


H 


5 Btu 


= 1 - 


535 R 


T 


>T h =1070R 


H 


State 3 may be used to determine the mass of air in the system, 


m = 


W 


(15 psia)(0.5 ft 3 ) 


RT 3 (0.3704 psia • ft Vlbm • R)(535 R) 


= 0.03785lbm 


The maximum pressure occurs at state 1 , 



^1 = 


mRT x (0.03785 lbm)(0.3704 psia • ft Vlbm • R)(1070 R) 




0.06 ft 


= 250psia 


9-74 An ideal Stirling engine with air as the working fluid operates between specified pressure limits. The heat added to the 
cycle and the net work produced by the cycle are to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.287 kPam/kg.K, c p = 1.005 kJ/kg-K, = 0.718 kJ/kg-K, 
and k= 1.4 (Table A-2a). 

Analysis Applying the ideal gas equation to the isothermal process 3-4 gives 


p 4 =p 3 


v 


= (50 kPa)(12) = 600 kPa 


v 


Since process 4-1 is one of constant volume, 

/ 3600kPa^ 


T x =T a 


'Pi' 


V P 4 7 


= (298 K) 


= 1788 K 


7 


600 kPa 

Adapting the first law and work integral to the heat addition process gives 



1/ 


q m = Wl2 = RT X In -^ = (0.287 kJ/kg- K)(1788 K)ln(12) = 1 275kJ/kg 


c/. 


Similarly, 


“Jout = ^3-4 =RT 3 ln 



(0.287 kJ/kg -K)( 298 K)ln 


(— 

J2, 


212.5kJ/kg 


The net work is then 

Wne, = *7 in -?out = 1275 - 212.5 = 1 063kJ/kg 
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9-75 An ideal Stirling engine with air as the working fluid operates between specified pressure limits. The heat transfer in 
the regenerator is to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.287 kPam Vkg.K, 
and k= 1.4 (Table A-2a). 

Analysis Applying the ideal gas equation to the isothermal process 3-4 gives 


p 4 =p 3 


v 


= (50 kPa)(12) = 600 kPa 


i/ 


Since process 4-1 is one of constant volume, 

^3600 kPa N 


Ti=T 4 


>7 


V P 4 J 


= (298 K) 


J 


600 kPa 

Application of the first law to process 4-1 gives 


= 1788 K 


c p = 1.005 kJ/kg-K, = 0.718 kJ/kg-K, 



^ regen = C A T \ ~ T 4 ) = (0.718 kJ/kg • K)(l 788 - 298)K = 1 070k J/kg 


Ideal and Actual Gas-Turbine (Brayton) Cycles 


9-76C For fixed maximum and minimum temperatures, (a) the thermal efficiency increases with pressure ratio, (b) the net 
work first increases with pressure ratio, reaches a maximum, and then decreases. 


9-77C Back work ratio is the ratio of the compressor (or pump) work input to the turbine work output. It is usually between 
0.40 and 0.6 for gas turbine engines. 


9-78C In gas turbine engines a gas is compressed, and thus the compression work requirements are very large since the 
steady-flow work is proportional to the specific volume. 


9-79C As a result of turbine and compressor inefficiencies, (a) the back work ratio increases, and (b) the thermal efficiency 
decreases. 
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9-80E A simple ideal Brayton cycle with air as the working fluid has a pressure ratio of 10. The air temperature at the 
compressor exit, the back work ratio, and the thermal efficiency are to be determined. 


9-59 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with variable specific heats. 

Properties The properties of air are given in Table A-17E. 

Analysis (a) Noting that process 1-2 is isentropic, 

h x = 124.27 Btu/lbm 


T, = 520 R 


= 


P. =1.2147 

1 1 


Pi 

P 


P ri =(l0Xl.2147) =12. 147 


T 2 = 996.5 R 

h 2 =240. 11 Btu/lbm 


(b) Process 3-4 is isentropic, and thus 
T 3 = 2000 R 


h 3 =504.71 Btu/lbm 


P r =174.0 

r t 


p. = 


Pa 

P , 


Pr , = 


A' 

vlOy 


(174.0) = 17.4 > h 4 = 265.83 Btu/lbm 


w c ,in =h 2 -h l =240.1 1-124.27 = 115.84 Btu/lbm 
w Toat =h 3 -h 4 =504.71 -265.83 = 238.88 Btu/lbm 

Then the back-work ratio becomes 


Aw 


w C4 


in 


115.84 Btu/lbm 


= 48.5% 


(c) 


w T,out 238.88 Btu/lbm 

q . m =h 3 -h 2 =504.71 -240.1 1 = 264.60 Btu/lbm 
w ne t,out “ ^T,out - ^c.in “ 238.88 - 1 15.84 = 123.04 Btu/lbm 
^net,out 123.04 Btu/lbm 


7th = 




in 


264.60 Btu/lbm 


= 46.5% 





PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



9-60 


9-81 A 32-MW gas-turbine power plant operates on a simple Bray ton cycle with air as the working fluid. The mass flow rate 
of air through the cycle is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with variable specific heats. 

Properties The properties of air are given in Table A- 17. 

Analysis Using variable specific heats, 



Wnetout = w T,out “ ^C,in = i h i ~ h 4 s )~( h 2 s ~ h \ )' V C 

= (0.86)(932.93 - 5 19.32)- (562.26 - 3 10.24)/(0.80) 
= 40.68 kJ/kg 


and 


^net,out 32,000 kJ/s 
m = = 

W net,out 40 ' 68 kJ/k g 


786.6kg/s 


9-82 A 32-MW gas-turbine power plant operates on a simple Bray ton cycle with air as the working fluid. The mass flow rate 
of air through the cycle is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k=\A (Table A-2). 

Analysis Using constant specific heats, 


( P 

r 2j =r!— = (310 kX8)°' 4/L4 = 561.5 K 

V P 1 ) 

/ P \(*-l)/* /■ xO.4/1.4 

T 4s = r 3 A = (900 K| — = 496.8 K 

V3 ) 

^net,out = ^T,out “ = W p i T 3 ~ T 4s )~ C p i T 2 s ~ T l V ') C 

= (l . 005 kJ/kg • K )[(0. 86X900 - 496. 8) - (56 1 . 5 - 3 10)/(0. 80)]K 
= 32.5 kJ/kg 

and 



^net,out 32,000 kJ/s 
m = = 

w net,out 32.5 kJ/kg 


984.6kg/s 
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9-83 A simple Brayton cycle with air as the working fluid has a pressure ratio of 10. The air temperature at the turbine 
exit, the net work output, and the thermal efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard 
assumptions are applicable. 3 Kinetic and potential energy changes are 
negligible. 4 Air is an ideal gas with variable specific heats. 

Properties The properties of air are given in Table A- 17. 

Analysis (a) Noting that process l-2s is isentropic, 


T x = 295 K 


h x = 295. 17 kJ/kg 

> P r =1.3068 
A 1 



P 


P ri =—P ri =(l0Xl.3068)= 13.07 > h 2s =570.26kJ/kg and T 2s =564.9K 


Vc = 


Pi 

h 2 s ~ h \ 

h 2 - h x 


-> = h x + 


h 2 s ~ h \ 

7c 


T 3 = 1240 K > 


Pa 


f i A 


P r =—P r = 

r 4 D '3 

r 3 

h 3 - h 4 

ij T = — 

h 3 -h 4s 


10 


onc ^ , 570.26-295.17 ^ ^ A1 T/1 

= 295.17 + = 626.60 kJ/kg 

0.83 

h 3 = 1324.93 kJ/kg 
P r =272.3 

r 3 

(272.3) = 27.23 > h 4s = 702.07 kJ/kg and T As = 689.6 K 


V 1U / 


-> h 4 -h 3 r/ T (h 3 h 4s ) 

= 1324.93 - (0.87)(l 324.93 - 702.07) 
= 783.04 kJ/kg 


Thus, 

T 4 = 764.4 K 


(b) 


(c) 


q m = h 3 - h 2 = 1324.93 - 626.60 = 698.3 kJ/kg 


q out = h 4 -h x =783.04- 295.17 =487.9 kJ/kg 

w net,out = c lm ~ c lout = 698 - 3 ~ 487 - 9 = 210 - 4 W/kg 


7th 



net,out 




in 


210.4 kJ/kg 
698.3 kJ/kg 


0.3013 


30.1% 
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9-84 ■ r ' m Problem 9-83 is reconsidered. The mass flow rate, pressure ratio, turbine inlet temperature, and the isentropic 
efficiencies of the turbine and compressor are to be varied and a general solution for the problem by taking advantage of the 
diagram window method for supplying data to EES is to be developed. 

Analysis Using EES, the problem is solved as follows: 


"Input data - from diagram window" 

{P_ratio = 10} 

{T[1 ] = 295 [K] 

P[1]= 100 [kPa] 

T[3] = 1240 [K] 
m dot = 20 [kg/s] 

Eta_c = 83/100 
Eta_t = 87/1 00} 

"Inlet conditions" 

h[1]=ENTHALPY(Air,T=T[1]) 

s[1]=ENTROPY(Air,T=T[1],P=P[1]) 

"Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]" 

T_s[2]=TEMPERATURE(Air,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=ENTHALPY(Air,T=T_s[2]) 

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) "Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 
h[3]=ENTHALPY(Air,T=T[3]) 

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 

"Turbine analysis" 
s[3]=ENTROPY(Air,T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P_ratio= P[3] /P[4] 

T_s[4]=TEMPERATURE(Air,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
h_s[4]=ENTHALPY(Air,T=T_s[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t" 
Eta_t=(h[3]-h[4])/(h[3]-h_s[4]) 

m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 

Eta=W_dot_net/Q_dot_in"Cycle thermal efficiency" 

Bwr=Wdotc/Wdott "Back work ratio" 

"The following state points are determined only to produce a T-s plot" 

T[2]=temperature(air,h=h[2]) 

T[4]=temperature(air,h=h[4]) 

s[2]=entropy(air,T=T[2],P=P[2]) 

s[4]=entropy(air,T=T[4],P=P[4]) 
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Bwr 

n 

^ratio 

w c 

fkwi 

w net 

fkWl 

W t 

fkwi 

Qin 

[kW] 

0.5229 

0.1 

2 

1818 

1659 

3477 

16587 

0.6305 

0.1644 

4 

4033 

2364 

6396 

14373 

0.7038 

0.1814 

6 

5543 

2333 

7876 

12862 

0.7611 

0.1806 

8 

6723 

2110 

8833 

11682 

0.8088 

0.1702 

10 

7705 

1822 

9527 

10700 

0.85 

0.1533 

12 

8553 

1510 

10063 

9852 

0.8864 

0.131 

14 

9304 

1192 

10496 

9102 

0.9192 

0.1041 

16 

9980 

877.2 

10857 

8426 

0.9491 

0.07272 

18 

10596 

567.9 

11164 

7809 

0.9767 

0.03675 

20 

11165 

266.1 

11431 

7241 
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9-85 A simple Brayton cycle with air as the working fluid has a pressure ratio of 10. The air temperature at the turbine exit, 
the net work output, and the thermal efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k=\A (Table A-2). 

Analysis (a) Using the compressor and turbine efficiency relations, 


t 2s =t, 


f p ^ 

r 2 

y p u 


r ~ \ 




kO.4/1.4 


= (295 K)(10) g ‘ +/1 ‘ + = 569.6 K 


P 4s - P 3 


P 




(k-\)/k 


r\c = 


= (l240 K 

h 2s ~ h \ _ C p( T 2s ~ T \) 


1 

10 


x 0.4/1 .4 


h 2 -h x 


-> To — T\ + 


= 642.3 K 

T 2s ~ p 


= 295 + 


Tlr = 


h 3 ~h 4 c p (t 3 -T 4 ) 

h 3~ h 4s c p( T 3 ~ T 4 s) 


*lc 

569.6-295 

0.83 


= 625.8 K 


+ T 4 - T 3 rj T (t 3 T 4s ) 

= 1240 - (0.87Xl240 - 642.3) 

= 720K 



(b) q m =h 3 - h 2 = c p (: T 3 - T 2 )= (1.005 kJ/kg • K)(l240 - 625. 8)K = 617.3 kJ/kg 
q out = h 4 -h { = c p (: r 4 -T x ) = ( 1 .005 kJ/kg • KX720 - 295)K = 427. 1 kJ/kg 
Wnet,out = ^in “ ^out =617.3 - 427.1 = 1 90.2kJ/kg 


(c) 


w 


7th = 


net,out 


7i 


in 


190.2 kJ/kg = Q 30gl = 30 8 % 
6 17. 3 kJ/kg 
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9-86 A simple Brayton cycle with air as the working fluid operates between the specified temperature and pressure limits. 
The effects of non-isentropic compressor and turbine on the back- work ratio is to be compared. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis For the compression process, 


T 2s = T t 


Ei 


= (288 K)(12)°' 4/1 - 4 = 585.8 K 


Vc = 


h 2s -h l c p(T 2s ~ T D 


h 2 - /ij 


c p (T 2 -T,) 


-> T 2 - 7, + 


T 2s ~ T, 


= 288 + 


He 

585.8-288 


0.80 



4 


= 660.2 K 


For the expansion process, 


T As “^3 


JL A 


V P 3 J 


= (873 K) 


f ^ \ 0 . 4 / 1 .4 
Vl2y 


= 429.2 K 


TIT = 


h 3 - h 4 _ c p { T 3 T a ) 

~Ks c p( T 3~ T As) 


-> T 4 - T 3 ij t (T 3 T 4s ) 

= 873 -(0.80)(873 -429.2) 
= 518.0 K 


The isentropic and actual work of compressor and turbine are 

^Comp,s =c p (T 2s ~T x ) = (1.005kJ/kg-K)(585.8-288)K = 299.3 kJ/kg 

W Comp = c p (T 2 -r 1 ) = (1 .005 kJ/kg • KX660.2 - 288)K = 374. 1 kJ/kg 

W Tuibs =c p (T 3 -T 4s ) = (1. 005 kJ/kg • K)(873 - 429.2)K = 446.0 kJ/kg 

W Tmb =c p (T 3 -T 4 ) = (1.005kJ/kg- K)(873- 518. 0)K = 356.8 kJ/kg 

The back work ratio for 90% efficient compressor and isentropic turbine case is 

,^, 374.1 kJ/kg -0 8387 
446.0 kJ/kg 


The back work ratio for 90% efficient turbine and isentropic compressor case is 


W t 


T>w 


Comp^ 


Wr 


Turb 


29_9.3_k J /kg =08387 
356. 8 kJ/kg 


The two results are identical. 
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9-87 A gas turbine power plant that operates on the simple Brayton cycle with air as the working fluid has a specified 
pressure ratio. The required mass flow rate of air is to be determined for two cases. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are 
c p = 1.005 kJ/kg-K and k= 1.4 (Table A-2). 

Analysis ( a ) Using the isentropic relations, 


T 2s = T\ 


P 4s ~ P 3 




\ P l J 


(k-l)/k 


.0.4/1 .4 


= (300 kX12) 0 ""'-’= 610.2 K 


M 


y p 3 j 


.(ioook(1 


n 0.4/1. 4 


= 491.7 K 



w 


s ,c,in = h 2 s ~ h \ = C P ( p 2 s ~ T i) = (1-005 kJ/kg • KX610.2 - 300 )K = 3 1 1 .75 kJ/kg 
w s _ T ,ou, =h ~h As =c {T 3 ~T 4s )= (l.005 kJ/kg - K)(l000- 491. 7)K = 510.84 kJ/kg 


^ s ,net.out = ^s.T.out - >v Si c.in = 510.84 - 31 1.75 = 199. 1 kJ/kg 
jg g;L= 70,000 kJ/s =352 

W s , r et, out 199. 1 kJ/kg ^ 

( b ) The net work output is determined to be 

^ a, net, out — ^a,T,out — ^a,C,in — 7 7 ^s,T,out — ^s,C,in ^ 7c 

= (0.85)(510.84)- 3 11.75/0.85 = 67.5 kJ/kg 
^net,out 70,000 kJ/s 


m — 


W 


a,net,out 


67.5 kJ/kg 


= 1037 kg/s 
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9-88 An aircraft engine operates as a simple ideal Bray ton cycle with air as the working fluid. The pressure ratio and the rate 
of heat input are given. The net power and the thermal efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c p 
Analysis For the isentropic compression process, 

T 2 =T t r < p k ~' )lk =(273K)(10)°' 4/1 ' 4 = 527.1K 
The heat addition is 


<1 in = 


Gin 


m 


500 kW 
lkg/s 


= 500 kJ/kg 


Applying the first law to the heat addition process, 


4in =C p (T 3 ~T 2 ) 


= 1.005 kJ/kg-K and k=\A (Table A-2a). 



T 3 -T 2 + 




in 


= 527. IK 


c 


p 


500 kJ/kg 
1.005 kJ/kg-K 


= 1025 K 


The temperature at the exit of the turbine is 

= (1025 K) 




r x (*-u/* 


\ r p J 


r \ 0 . 4 / 1 .4 


10 


= 530.9 K 




Applying the first law to the adiabatic turbine and the compressor produce 
w T = c p (T 3 -r 4 ) = (l. 005 kJ/kg -K)(1025-530.9)K = 496.6 kJ/kg 


w c = c p (T 2 -r 1 ) = (1 .005 kJ/kg • K)(527. 1 - 273)K = 255.4 kJ/kg 
The net power produced by the engine is then 

W net = m(w T — w c ) = (1 kg/s)(496.6 - 255.4)kJ/kg = 241 .2kW 
Finally the thermal efficiency is 


7th 




241. 2kW 
500 kW 


0.482 
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9-89 An aircraft engine operates as a simple ideal Bray ton cycle with air as the working fluid. The pressure ratio and the rate 
of heat input are given. The net power and the thermal efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c p 
Analysis For the isentropic compression process, 

T 2 =T t r < p k ~' )lk =(273K)(15)°' 4/1 ' 4 = 591.8K 
The heat addition is 


<1 in = 


Gin 


m 


500 kW 
lkg/s 


= 500 kJ/kg 


Applying the first law to the heat addition process, 


4in =C p (T 3 ~T 2 ) 


= 1.005 kJ/kg-K and k=\A (Table A-2a). 



T 3 = T 2 +^ = 59i.8K+. ■ 5Q ° kJ/kg ■ = 1089 K 
c p 1.005 kJ/kg-K 


The temperature at the exit of the turbine is 

= (1089 K) 


t,=t 3 


r x (*-D/* 


\ r p J 


r ^ 0 . 4 / 1 .4 


15 


= 502.3 K 




Applying the first law to the adiabatic turbine and the compressor produce 
w T = c p (T 3 -r 4 ) = (l. 005 kJ/kg -K)(1089-502.3)K = 589.6 kJ/kg 


w c = c p (T 2 -T x ) = (1 .005 kJ/kg • K)(591 .8 - 273)K = 320.4 kJ/kg 
The net power produced by the engine is then 

W net = m(w T -w c ) = (l kg/s)(589.6 - 320.4)kJ/kg = 269.2kW 
Finally the thermal efficiency is 


7th 




269. 2 kW 
500 kW 


0.538 
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9-90 A gas-turbine plant operates on the simple Brayton cycle. The net power output, the back work ratio, and the thermal 
efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). 

Analysis (a) For this problem, we use the properties from EES software. 

Remember that for an ideal gas, enthalpy is a function of temperature 
only whereas entropy is functions of both temperature and pressure. 

Process 1-2: Compression 


r, = 40°C >h x = 313.6kJ/kg 


2 + 


T x = 40°C 
P x = 100 kPa 


sj =5.749 kJ/kg-K 


P 2 = 1600 kP a 

s 2 =s x = 5.749 kJ/kg.K 


tic = 


h 2s ~ h \ 


h 2 - h t 


■>0.85 = 


h 2s = 691.9 kJ/kg 
691.9-313.6 




Combustion 



chamber 


" 1.6 MPa 

3 - 



650°C 


h 2 -313.6 


>/i 2 =758.6 kJ/kg 


Process 3-4: Expansion 


T 4 = 650°C 


tij = 


h 3 -h 4 


->h 4 =959.2 kJ/kg 

_ -959.2 

— > 0.88 = — 


h — h As h 3~ h 4s 

We cannot find the enthalpy at state 3 directly. However, using the EES program, we find 
h 3 = 1790 kJ/kg, T 3 = 1353°C, s 3 = 6.750 kJ/kg.K. 

The solution by hand would require a trial-error approach. The mass flow rate is determined from 


m = 




(100 kPa)(850/60 m 3 / s) 


= 15.77 kg/s 


RT X (0.287 kPa • m 3 /kg • Kj(40 + 273 K) 

The net power output is 

W c . n =m(h 2 -h x ) = (15.77 kg/s)(758.6- 3 13.6)kJ/kg = 7017 kW 
Wr.out = ~K) = ( 15 - 77 kg/s)(1790 - 959.2)kJ/kg = 13,098 kW 

=Wr, 0Ut -W c . in =13,098-7017 =6081kW 
( b ) The back work ratio is 

H'cin 7017 kW 


r bw 


W 


T,out 


13,098 kW 


= 0.536 


(c) The rate of heat input and the thermal efficiency are 

Q. n = m(h 3 -h 2 ) = (15.77 kg/s)(1790 - 758.6)kJ/kg = 16,262 kW 


net 608 1 kW 0 _ . n/ 

ij th = = = 0.374 = 37 .4% 


Q m 1 6,262 kW 


The complete EES code for the solution of this problem is given next: 
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"GIVEN" 

P_1=100 [kPa] 

P_2=1 600 [kPa] 

T_1 =40 [C] 

Vol_dot_1 =850[m A 3/min]*Convert(m A 3/min, m A 3/s) 

T_4=650 [C] 

eta_C=0.85 

eta_T=0.88 

"PROPERTIES" 

Fluid$='Air' 

R=R_u/MM 

R_u=8.314 [kJ/kmol-K] 

MM=Molarmass(Fluid$) 
h_1 =enthalpy(Fluid$, T=T_1) 
s_1=entropy(Fluid$, T=T_1, P=P_1) 
h_2s=enthalpy(Fluid$, P=P_2, s=s_1) 
h_2=h_1 +(h_2s-h_1 )/eta_C 
h_4=enthalpy(Fluid$, T=T_4) 
s_3=entropy(Fluid$, T=T_3, P=P_2) 
h_3=enthalpy(Fluid$, T=T_3) 
h_4s=enthalpy(Fluid$, P=P_1, s=s_3) 
h_3=h_4+eta_T*(h_3-h_4s) 

"ANALYSIS" 

m_dot=(P_1 *Vol_dot_1 )/(R*(T_1 +273)) 

W_dot_C_i n= mdot* ( h_2- h_1 ) 

W_dot_T_out=m_dot*(h_3-h_4) 

W_dot_net=W_dot_T_out-W_dot_C_in 

r_bw=W_dot_C_in/W_dot_T_out 

Q_d ot _i n = m_d ot* ( h_3- h_2) 

eta th=W dot net/Q dot in 
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9-91E A gas-turbine power plant operates on a simple Brayton cycle with air as the working fluid. The net power output of 
the plant is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with variable specific heats. 


Properties The properties of air are given in Table A-17E. 
Analysis Using variable specific heats for air, 

J 3 =2000 R > h 3 = 504.71 Btu/lbm 

T 4 = 1200 R > h 4 =291.30 Btu/lbm 


Q out = m(h 4 -h x ) > h x = 291.30-6400/40 = 131.30 Btu/lbm 

— » P r =1.474 

r \ 


T 




p r = (8X1.474) = 1 1.79 > h 2s = 238.07 Btu/lbm 

P\ 


W Cm = m(h 2s -h^/tic = (40 lbm/s)(238. 07-131. 30)/(0.80) = 5339 Btu/s 
Aout = m{h 3 ~K)= (40 lbm/ s)(504. 7 1-291 . 30)B tu/lbm = 8536 Btu/s 
W netj0 ut = Aout -W c , in = 8536-5339 = 3197 Btu/s = 3373 kW 


9-92E A gas-turbine power plant operates on a simple Brayton cycle with air as the working fluid. The compressor 
efficiency for which the power plant produces zero net work is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air- 
standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with 
variable specific heats. 

Properties The properties of air are given in Table A-17E. 
Analysis Using variable specific heats, 


T 3 = 2000 R > h 3 = 504.7 1 Btu / lbm 

T 4 = 1200 R > h 4 =291.30 Btu/lbm 


p 


^ = 1 ^ = 8 
Py 15 


T 



Q out =rh(h 4 -hy) > h x = 291.30-6400/40 = 131.30 Btu/lbm > P r{ =1.474 



— P ri = (8X1.474) = 1 1.79 > h 2s = 238.07 Btu/lbm 

^1 


Then, 


^c,in =^T,out » m (h 2s — hi)/ T) c = m(h 3 -h 4 ) 


h 2s~ h \ 

h 3 - h 4 


238.07-131.30 

504.71-291.30 


50.0% 
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9-93 A simple Brayton cycle with air as the working fluid operates between the specified temperature and pressure limits. 
The cycle is to be sketched on the T-s cycle and the isentropic efficiency of the turbine and the cycle thermal efficiency are 
to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air are given asc t/ =0.718 kJ/kg-K, 
Cp = 1 .005 kJ/kg-K, R = 0.287 kJ/kg-K, £=1.4. 

Analysis (b) For the compression process, 

Wcomp = mc p (T 2 -7\) 

= (200 kg/s)(l .005 kJ/kg • K)(330-30)K 
= 60,300 kW 


For the turbine during the isentropic process, 


^4.v “^3 


r d x (*-!)/* 

Jr a 


V P 3 J 


= (1400 K) 


100 kPa 
800 kPa 


X 0.4/1 .4 


= 772.9 K 


J 



Wrurb,s = rncp (T 3 ~ T 4s ) = (200 kg/s)(l . 005 kJ/kg • K)(1400 - 772.9)K = 126,050 kW 


The actual power output from the turbine is 

W net =^Turb -^Co^ 

W T ulb =W net +W Tuib =60,000 + 60,300 = 120,300 kW 


The isentropic efficiency of the turbine is then 


^Turb _ 


^Turb,s 


120,300 kW 
126,050 kW 


= 0.954 = 95 . 4 % 


(c) The rate of heat input is 

Q m = me p (T 3 -T 2 ) = (200 kg/s)(l .005 kJ/kg • K)[(1400 - (330 + 273)]K = 160,200 kW 


The thermal efficiency is then 


7th 


6 Q , QQQkW =0,375=37.5% 
Q. m 160,200 kW 
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9-94 A modified Bray ton cycle with air as the working fluid operates at a specified pressure ratio. The T-s diagram is to be 
sketched and the temperature and pressure at the exit of the high-pressure turbine and the mass flow rate of air are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air are given as c v = 0.718 kJ/kg-K, c p = 1.005 kJ/kg-K, R = 0.287 kJ/kg-K, k = 1.4. 

Analysis (b) For the compression process, 


T 2 = T 1 


f p \ 


\ P \ J 


= (273 K)(8)°' 4/1 - 4 = 494.5 K 


The power input to the compressor is equal to the power output 
from the high-pressure turbine. Then, 

^Compjn — ^HPTurb,out 

me JT 2 -T l ) = mcJT 3 -T 4 ) 


T 2 -T\ = T 3 ~ T 4 


T 4 = T 3 + T x -T 2 = 1500 + 273-494.5 = 1278.5K 
The pressure at this state is 



A 


r T \k/(k- 1) 
zA 

V r 3 J 


■» Pa =rP i 


. s^kHk-Y) 

lA 

V r 3 J 


= 8(100 kPa) 


1278.5 K 
1500 K 


1.4/ 0.4 


= 457.3kPa 


(c) The temperature at state 5 is determined from 


^5=^4 


r p \(k-i)/k 




= (1278.5 K) 


100 kPa 
457.3 kPa 


X 0.4/1. 4 


= 828. IK 


The net power is that generated by the low-pressure turbine since the power output from the high-pressure turbine is equal to 
the power input to the compressor. Then, 

^LP Turb “ p ( P 4 ~ P 5 ) 

W LPTurb 200,000 kW 

m = = 

c p (T 4 - T 5 ) (1 .005 kJ/kg • KX1278.5 - 828. 1)K 

= 441.8kg/s 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



Brayton Cycle with Regeneration 


9-74 


9-95C Regeneration increases the thermal efficiency of a Brayton cycle by capturing some of the waste heat from the 
exhaust gases and preheating the air before it enters the combustion chamber. 


9-96C Yes. At very high compression ratios, the gas temperature at the turbine exit may be lower than the temperature at 
the compressor exit. Therefore, if these two streams are brought into thermal contact in a regenerator, heat will flow to the 
exhaust gases instead of from the exhaust gases. As a result, the thermal efficiency will decrease. 


9-97C (b) turbine exit. 


9-98C The steam injected increases the mass flow rate through the turbine and thus the power output. This, in turn, 
increases the thermal efficiency since tj = W / Q in and W increases while Q m remains constant. Steam can be obtained by 
utilizing the hot exhaust gases. 
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9-99 A Brayton cycle with regeneration produces 115 kW power. The rates of heat addition and rejection are to be 
determined. 


9-75 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 

Analysis According to the isentropic process expressions for an ideal gas, 

T 2 = 7jr^ _1)/ * = (303 K)(10) 0-4/1 4 = 585.0 K 


t 5 =t 4 


r ^ \(k-i)/k 


\ r p J 


= (1073 K) 


r ^ 0 . 4 / 1 .4 

V l0y 


= 555.8 K 


When the first law is applied to the heat exchanger, the result is 

t 3 -t 2 =t 5 -t 6 

while the regenerator temperature specification gives 



T 3 =T 5 - 10 = 555.8 - 10 = 545.8 K 
The simultaneous solution of these two results gives 


T 6 =T 5 ~(T 3 - T 2 )= 555.8 -(545.8 -585.0) = 595.0 K 


Application of the first law to the turbine and compressor gives 
^net =C p (T 4 -T 5 )-C p (T 2 -7i) 

= (1.005 kJ/kg • KK1073 - 555.8) K - (1.005 kJ/kg • K)(585.0 - 303) K 
= 236.4 kJ/kg 


Then, 


. W net 115kW n/10 ^ /11 . 

m = = = 0.4864 kg/s 


w net 236.4 kJ/kg 
Applying the first law to the combustion chamber produces 

Q m = me p (T 4 -T 3 ) = (0.4864 kg/s)(l .005 kJ/kg • K)(1073 - 545. 8)K = 258 kW 

Similarly, 

Q out = me p (T 6 -T { ) = (0.4864 kg/s)(l .005 kJ/kg • K)(595.0 - 303)K = 1 43 kW 
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9-100 A Brayton cycle with regeneration produces 115 kW power. The rates of heat addition and rejection are to be 
determined. 


9-76 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 

Analysis For the compression and expansion processes we have 

T 2s = T l r < p k ~' ,lk = (303 K)(10) 04/1 4 = 585.0 K 

c p(T 2s _ 7 l) 


n c = 


c p (t 2 -to 


t 2 - + 


T 2s - T x 
He 


= 303 + 585 -°- 303 =6 2 7.1K 


0.87 


Tss -T4 


r \(k-i )/k 


\ r p J 


= (1073 K) 


f ^ ^ 0.4/1 .4 

V l0y 



= 555.8 K 


c p (T 4 T 5 ) 
c p (T 4 - T 5s ) 


>T 5 -T 4 1J T (T 4 T 5s ) 

= 1073 - (0.93X1073 - 555.8) 
= 592.0 K 


When the first law is applied to the heat exchanger, the result is 

t 3 -t 2 =t 5 -t 6 

while the regenerator temperature specification gives 
T 3 =T 5 - 10 = 592.0 - 10 = 582.0 K 
The simultaneous solution of these two results gives 

T 6 =T 5 - (T 3 -T 2 ) = 592.0 - (582.0 - 627. 1) = 637. 1 K 
Application of the first law to the turbine and compressor gives 
*Vt =c p (T 4 -T 5 )-c p (T 2 -T{) 

= (1.005 kJ/kg • K)(1073 - 592.0) K - (1.005 kJ/kg • K)( 627.1 - 303) K 
= 157.7 kJ/kg 


Then, 




m = 


net 


115kW 


w r 


= 0.7293 kg/s 


net 157.7 kJ/kg 
Applying the first law to the combustion chamber produces 

Q m = me p (T 4 -T 3 ) = (0.7293 kg/s)(1.005 kJ/kg • K)(1073 - 582.0)K = 360kW 


Similarly, 

Q out = me p (T 6 - 7j ) = (0.7293 kg/s)(l .005 kJ/kg • K)(637. 1 - 303)K = 245 kW 
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9-101 A Brayton cycle with regeneration is considered. The thermal efficiencies of the cycle for parallel-flow and counter- 
flow arrangements of the regenerator are to be compared. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis According to the isentropic process expressions for an ideal gas, 

= (293 K)(7) 

\(k-l)/k 

= (1000 K) I 


T 2 = T l r ( p k ~' ),k = (293 K)(7) 04/1 4 = 510.9 K 


t 5 =t 4 


1 


r 

VP J 


^pO.4/1.4 


= 573.5 K 


v7y 


When the first law is applied to the heat exchanger as originally 
arranged, the result is 

t 3 -t 2 =t 5 -t 6 

while the regenerator temperature specification gives 
T 3 =T 5 - 6 = 573.5 — 6 = 567.5 K 
The simultaneous solution of these two results gives 

T 6 = T 5 -T 3 +T 2 =573.5-567.5 + 510.9 = 5 16.9 K 
The thermal efficiency of the cycle is then 



j — ^ = 1 _ ZWl = 1 _ 5 1 6, 9 — 293 
q m T 4 -T 3 1000-567.5 

For the rearranged version of this cycle, 

T 3 =T 6 - 6 

An energy balance on the heat exchanger gives 

T 3 ~ T 2 = T S ~ T 6 

The solution of these two equations is 


0.482 


T 3 = 539.2 K 
T e = 545.2 K 

The thermal efficiency of the cycle is then 



7th =1 


Tout 

Tin 


Te-Ti 

T 4 ~T 3 


545.2-293 

1000-539.2 


0.453 
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9-102E An ideal Brayton cycle with regeneration has a pressure ratio of 1 1. The thermal efficiency of the cycle is to be 
determined with and without regenerator cases. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The properties of air at room temperature are c p = 0.24 Btu/lbm-R and k = 1.4 (Table A-2Ea). 
Analysis According to the isentropic process expressions for an ideal gas, 

= (560 R)(l 1)' 


T 2 =T l r ( p k ~ l)/k = (560 R)(ll)° 4/1 4 = 1111 R 


t 5 =t 4 


r ^ x(*-D/* 


\ r P j 


= (2400 R) 


r ^ 0.4/1 .4 


= 1210R 


The regenerator is ideal (i.e., the effectiveness is 100%) and thus, 
T 3 =T 5 =1210R 

t 6 =t 2 = 1 1 1 i r 



The thermal efficiency of the cycle is then 


7* =i- 


^out 


= 1 - 




in 


^ 6-^1 

^ 4-^3 


= 1 - 


1111-560 

2400-1210 


= 0.537=53.7% 


The solution without a regenerator is as follows: 

T 2 =T [ r < p k ~ v>lk = (560 R)(l l) 04/1 4 = 1 1 1 1 R 



M 

c k-l)/k 

r n 

E4T 

II 

e-4 

= (2400 R) 


Vr) 


yl ly 


= 1210 R 


7th =1“ 


^OUt 


= 1 - 




in 


t 4 -t, 

t 3 -t 2 


= 1 - 


1210-560 

2400-1111 


= 0.496 = 49.6% 
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9-103E A car is powered by a gas turbine with a pressure ratio of 4. The thermal efficiency of the car and the mass flow rate 
of air for a net power output of 130 hp are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with variable specific heats. 3 The ambient air is 540 
R and 14.5 psia. 4 The effectiveness of the regenerator is 0.9, and the isentropic efficiencies for both the compressor and the 
turbine are 80%. 5 The combustion gases can be treated as air. 

Properties The properties of air at the compressor and turbine inlet temperatures can be obtained from Table A-17E. 
Analysis The gas turbine cycle with regeneration can be analyzed as follows: 


and 


T x =510 R 


h x = 121.88 Btu/lbm 
P r =1.1369 

r i 


P 


P ri = —P ri =(4Xl. 1369) = 4.548 > h 2s =181.39 Btu/lbm 

p 


T 3 = 2160 R 


a 


h 3 =549.35 Btu/lbm 
P =230.12 


P„ = 


Pa 

A 


Pr = 


f 1 \ 


v 4/ 


(230.12) = 57.53 > h 4s = 372.2 Btu/lbm 



n 


comp 


P turb 


h 2 s ~ h \ 

h 2 - h x 

h 3 - h 4 
h 3 ~ K s 


181.39-121.88 f ni 

—> 0.80 = — > h 2 = 196.27 Btu/lbm 

h 2 - 121.88 

549 35-/7 

0.80= ^ > h 4 =407.63 Btu/lbm 

549.35-372.2 


Then the thermal efficiency of the gas turbine cycle becomes 

q regen = £ ( h 4 ~ h 2 ) = 0.9(407.63 - 196.27) = 190.2 Btu/lbm 


q m =(h 3 -h 2 )~ q Kgen = (549.35 - 196.27) - 190.2 = 162.9 Btu/lbm 
Wnet^ut = w T ,out - w C 4n =(*3 ~ K) ~ ( h 2 - h x ) = (549.35 - 407.63) - (196.27 - 121.88) = 67.33 Btu/lbm 


Pth = 


w 


net,out 


q i 


in 


67.33 Btu/lbm 
162. 9 Btu/lbm 


0.413 = 41.3% 


Finally, the mass flow rate of air through the turbine becomes 


W, 


m 3ir = 


net 


130 hp 


( 


w net,out 67.33 Btu/lbm 


0.7068 Btu/s 
lhp 


= 1.361bm/s 
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9-104 An ideal Brayton cycle with regeneration is considered. The effectiveness of the regenerator is 100%. The net work 
output and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and 
potential energy changes are negligible. 

Properties The properties of air are given in Table A- 17. 

Analysis Noting that this is an ideal cycle and thus the compression and expansion processes are isentropic, we have 


r, 



Ti 


Wc.ii, 

^T,out 


= 300 K 


Pi ri 


= 1200 K 


= — P r 

P 3 
r 3 

= h 2 -h x 
= h 3 -h 4 


h x = 300. 19 kJ/kg 

> P r = 1.386 

r \ 

(l0Xl.386)= 13.86 >h 2 =579.87 kJ/kg 

h 3 =1277.79 kJ/kg 
P r =238 

'3 

(238) = 23.8 > h 4 = 675.85 kJ/kg 

= 579.87-300.19 = 279.68 kJ/kg 
= 1 277.79 - 675 . 85 = 60 1 . 94 kJ/kg 




vlOy 



Thus, 

w net - w T,out _ w c,in = 601 .94 - 279.68 = 322.26 kJ/kg 


Also, 


and 


^ = 100% > h 5 =h 4 =675.85 kJ/kg 

q m =h 3 -h 5 =1277.79 -675.85 = 601.94 kJ/kg 


Pth 


322. 26 kJ/kg = 
^ in 601.94 kJ/kg 
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9-105 mamM Problem 9-104 is reconsidered. The effects of the isentropic efficiencies for the compressor and turbine and 
regenerator effectiveness on net work done and the heat supplied to the cycle are to be studied. Also, the T-s diagram for the 
cycle is to be plotted. 

Analysis Using EES, the problem is solved as follows: 


"Input data" 

T[3] = 1200 [K] 

Pratio = 10 
T[1] = 300 [K] 

P[1]= 100 [kPa] 

Eta_reg = 1.0 

Eta_c =0.8 "Compressor isentorpic efficiency" 

Eta_t =0.9 "Turbien isentropic efficiency" 

"Isentropic Compressor anaysis" 

s[1]=ENTROPY(Air,T=T[1],P=P[1]) 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P[2] = Pratio*P[1] 

s_s[2]=ENTROPY(Air,T=T_s[2],P=P[2]) 

"T_s[2] is the isentropic value of T[2] at compressor exit" 

Etac = wcompisen/wcomp 

"compressor adiabatic efficiency, W_comp > W_compisen" 

"Conservation of energy for the compressor for the isentropic case: 

ejn - e_out = DELTAe=0 for steady-flow" 

h[1] + w_compisen = h_s[2] 

h[1]=ENTHALPY(Air,T=T[1]) 

h_s[2]=ENTHALPY(Air,T=T_s[2]) 

"Actual compressor analysis:" 
h[1] + wcomp = h[2] 
h[2]=ENTHALPY(Air,T=T[2]) 
s[2]=ENTROPY(Air,T =T[2], P=P[2]) 

"External heat exchanger analysis" 

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0 
e_in - e_out =DELTAe_cv =0 for steady flow" 
h[2] + q_in_noreg = h[3] 
h[3]=ENTHALPY(Air,T =T[3]) 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 

"Turbine analysis" 
s[3]=ENTROPY(Air,T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P[4] = P[3] /Pratio 

s_s[4]=ENTROPY(Air,T=T_s[4],P=P[4])"T_s[4] is the isentropic value of T[4] at turbine exit" 
Eta_t = w_turb /w_turbisen "turbine adiabatic efficiency, w_turbisen > w_turb" 

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
ejn -e out = DELTAe_cv = 0 for steady-flow" 
h[3] = w_turbisen + h_s[4] 
h_s[4]=ENTHALPY(Air,T=T_s[4]) 

"Actual Turbine analysis:" 
h[3] = w turb + h[4] - 
h[4]=ENTHALPY(Air,T=T[4]) 
s[4]=ENTROPY(Air,T =T[4], P=P[4]) 

"Cycle analysis" 
wnet=wturb-wcomp 

Eta_th_noreg=w_net/q_in_noreg*Convert(, %) "[%]" "Cycle thermal efficiency" 

Bwr=w comp/w turb"Back work ratio" 

"With the regenerator the heat added in the external heat exchanger is" 
h[5] + q_in_withreg = h[3] 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


9-82 


h[5]=ENTHALPY(Air, T=T[5]) 
s[5]=ENTROPY(Air,T=T[5], P=P[5]) 

P[5]=P[2] 

"The regenerator effectiveness gives h[5] and thus T[5] as:" 

Eta_reg = (h[5]-h[2])/(h[4]-h[2]) 

"Energy balance on regenerator gives h[61 and thus T[61 as:" 
h[2] + h[4]=h[5] + h[6] 
h[6]=ENTHALPY(Air, T=T[6]) 
s[6]=ENTROPY(Air,T =T[6], P=P[6]) 

P[6]=P[4] 

"Cycle thermal efficiency with regenerator" 
Eta_th_withreg=w_net/q_in_withreg*Convert(, %) "[%]" 

"The following data is used to complete the Array Table for plotting purposes." 
S_S[1]=S[1] 

T_s[1]=T[1] 

s _s[3]=s[3] 

T_s[3]=T[3] 

s_s[5]=ENTROPY(Air,T=T[5],P=P[5]) 

T_s[5]=T[5] 

s _s[6]=s[6] 

T_s[6]=T[6] 


“He 


Tlth.noreg 

Tlth.withreg 

Qinnoreg 

[kJ/kgl 

Qinwithreg 

fkJ/kgl 

W ne t 

[kJ/kgl 

0.6 

0.9 

14.76 

13.92 

510.9 

541.6 

75.4 

0.65 

0.9 

20.35 

20.54 

546.8 

541.6 

111.3 

0.7 

0.9 

24.59 

26.22 

577.5 

541.6 

142 

0.75 

0.9 

27.91 

31.14 

604.2 

541.6 

168.6 

0.8 

0.9 

30.59 

35.44 

627.5 

541.6 

192 

0.85 

0.9 

32.79 

39.24 

648 

541.6 

212.5 

0.9 

0.9 

34.64 

42.61 

666.3 

541.6 

230.8 


Air 
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9-106 An ideal Brayton cycle with regeneration is considered. The effectiveness of the regenerator is 100%. The net work 
output and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 


Analysis Noting that this is an ideal cycle and thus the compression 
and expansion processes are isentropic, we have 


T 2 =T\ 


T 4 = T 3 


' Pn ' 


(k-\)!k 


\ P U 

f p 
r 4 


= (300 K)(lO) 0 ' 4/1 ' 4 = 579.2 K 


V P 3 J 


=(. 2o ° K a 


n 0.4/1.4 


= 621.5 K 


* = 100 % 


+ T 5 =T 4 = 621.5 K and T 6 = T 2 = 579.2 K 


; /th =l-^Hl = l 


c 


(n-T t ) 


<h 


in 


cM-T 5 ) 


= 1 - 


t 6 -t x 

t 3 -t 5 


= 1 


579.2-300 

1200-621.5 


= 0.517 



or 


7th = 1 ~ 


V r 3 J 


,(k-l)/k _ 


P 


= 1 - 


300 

1200 


( 10 ) 


(1.4-1)71.4 


0.517 


Then, 

^net = w tu*,out “ ^comp.m = (h ~K)~ Ql 2 ~ /?, ) 

= c p [(T 3 -T 4 )-(T 2 -T 1 )] 

= (1 .005 kJ/kg. K)[(1200 - 62 1 .5) - (579.2 - 300 )]K 

= 300. 8 kJ/kg 


or 


w net = 7 th ^ in 

“ 7th ( h 3 ~ h s) 

= ? lth C p( T 3- T 5) 

= (0.517)(1.005 kJ/kg.K)(1200- 621.5) 
= 300.6 kJ/kg 
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9-107 A Brayton cycle with regeneration using air as the working fluid is considered. The air temperature at the turbine exit, 
the net work output, and the thermal efficiency are to be determined. 


Assumptions 1 The air standard assumptions are applicable. 2 Air 
is an ideal gas with variable specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Properties The properties of air are given in Table A- 17. 

Analysis (a) The properties of air at various states are 

h { = 310.24 kJ/kg 


T, =310 K 


k = 


n c = 




P.. =1.5546 


Pi 

P, 


P r = (7X1.5546) = 10.88 » h 2s = 541.26 kJ/kg 



h 2s ~ h \ 

h 2 -h\ 


■> h 2 =h x +(h 2s -/zj )//7c = 310. 24+(541. 26-310. 24)/(0. 75) = 618.26 kJ/kg 


r 3 = 1 150 K 


/z 3 =1219.25 kJ/kg 
P.. =200.15 


P, =—P r = 
4 P , 3 


r 1 \ 


v7y 


tit = 


h 3 -h 4 
/z 3 - h 4s 


(200.15) = 28.59 > h As =71 1.80 kJ/kg 

-4 h 4 =/z 3 - r) T (/z 3 -/z 4s )= 1219. 25- (0.82)(l219. 25 -711.80) = 803. 14 kJ/kg 


Thus, 

T a = 782.8 K 

(b) w net = w X out - w c in = (/z 3 - h 4 )- (h 2 - /z, ) 

= (1219.25 -803. 14)-(618.26-310.24) 

= 108.09 kJ/kg 


(c) 


h 5 ~ h 2 

h 4 -h 2 


> h 5 = h 2 + ^(^4 ~ h 2 ) 

= 618.26 + (0.65)(803. 14- 618.26) 
= 738.43 kJ/kg 


Then, 


q m =h 3 -h 5 =1219.25 -738.43 = 480.82 kJ/kg 


*7th 


w net 108.09 kJ/kg 

q m 480.82 kJ/kg 
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9-108 A stationary gas-turbine power plant operating on an ideal regenerative Brayton cycle with air as the working fluid is 
considered. The power delivered by this plant is to be determined for two cases. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas. 3 Kinetic and potential energy changes are 
negligible. 


Properties When assuming constant specific heats, the properties of air at room temperature are c p = 1.005 kJ/kg.K and 
k = 1.4 (Table A-2a). When assuming variable specific heats, the properties of air are obtained from Table A- 17. 


Analysis The pressure ratio is 

= 880kPa = 9 263 
P x 95 kPa 


(a) Assuming constant specific heats, 


T 2 

t 4 


A 


^ p ^ 

vOy 


^ p ^ 

M 

J 


(k-l)/k 

(k-l)/k 


= (290 KX9.263) 0 

= (iiook)(— h- 
\9.263 


4/1 4 = 547.8 K 

x 0.4/1 .4 

= 582.3 K 

/ 



8 





100% > P 5 = P 4 = 582.3 K and T e = T 2 = 547.8 K 

x gou, x Cpfa-Tt) r 6 -r, 547.8-290 

7,n c p {T 3 -T s ) T 3 -T 5 1100-582.3 

rj T Q [n = (o. 5020)(30,000 kW ) = 15,060 kW 


0.5020 


( b ) Assuming variable specific heats, 

h x = 290. 16 kJ/kg 


T x = 290K 
P 


-> 


P =1.2311 


^ = 


P, 


P ri = (9.263X1.23 ll) = 11.40 > h 2 =548.85 kJ/kg 


P 3 =1100K 


P = — P = 

" 4 P , " 3 


h 3 = 1161.07 kJ/kg 


P. =167.1 

/ 7 


1 


9.263 


(l 67. l) = 1 8.04 > /i 4 = 624. 89 kJ/kg 


£■ = 100% > h 5 =h 4 = 624.89 kJ/kg and h 6 =h 2 = 548.85 kJ/kg 


>7th = 1 - 


^ out 


= 1 - 


-h 


<h 


in 


/?3 /l^ 


= 1 - 


548.85-290.16 

1161.07-624.89 


= 0.5175 


W net = n T Qin = (o. 5 175)(30, 000 kW) = 15,525 kW 
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9-109 A regenerative gas-turbine engine using air as the working fluid is considered. The amount of heat transfer in the 
regenerator and the thermal efficiency are to be determined. 


9-88 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and 
potential energy changes are negligible. 


Properties The properties of air are given in Table A- 17. 


Analysis {a) The properties at various states are 
r p = P 2 /P X =900/100 = 9 


T x =310 K >h x = 310.24 kJ/kg 

T 2 = 650 K > h 2 = 659.84 kJ/kg 

T 3 = 1400K >h 3 =15 15.42 kJ/kg 

P r =450.5 

r 3 



7/t 


= ^L P = 

* 

h 3 - h 4 
h 3 - h 4s 


q 


regen 



T 

v9y 


(450.5) = 50.06 


>h 4s =832.44 kJ/kg 


> h 4 - h 3 r) T (h 3 h 4s ) 

= 1515.42 - (0.90)(l515.42 - 832.44) 
= 900.74 kJ/kg 

h 2 ) = (0.80X900.74 - 659.84) = 1 92.7 kJ/kg 



(b) 


w 


net 


<7 in = 


*7th = 


^T.out - >^C,in = ( h i -K)- ( h 2 ~ h \ ) 

(l 5 1 5 .42 - 900.74 ) - (659. 84 - 3 1 0. 24) = 265 . 08 
(h 3 -h 2 )~ q KSCn =(151 5.42 - 659.84) - 1 92.7 = 


w 


net 


265.08 kJ/kg 
q m 662.88 kJ/kg 


= 0.400 = 40.0% 


kJ/kg 

662.88 kJ/kg 
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9-110 A regenerative gas-turbine engine using air as the working fluid is considered. The amount of heat transfer in the 
regenerator and the thermal efficiency are to be determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and 
potential energy changes are negligible. 


Properties The properties of air at room temperature are 
Cp = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 

Analysis (a) Using the isentropic relations and turbine efficiency, 

r p =P 2 IPi =900/100 = 9 


S — P 3 


f p ^ 

\ P 2 ) 


(k-\)/k 


t/t = 


h 3 -h 4 


c 


= (1400 Kjfi 


nO.4/1.4 


= 747.3 K 


h 3 - h 4s Cp(T 3 -T 4s ) 


^T 4 -T 3 7J t (t 3 T 4s ) 



= 1400 -(0.90Xl400-747.3) 

= 812.6 K 

q en “ - h 2 ) = £C (t 4 - T 2 ) = (0.80X1.005 kJ/kg • k)(812.6 - 650)K = 1 30.7kJ/kg 


(b) 


w 


net 




in 


'/th 


_ w T,out w C,in _ c p ( P 3 P 4 ) c p ( P 2 P \ ) 

= (1.005 kJ/kg • K|(l400 - 812.6)- (650 - 310)]K = 248.7 kJ/kg 

= ( h 3 ~ h 2 ) - ^ regen = C p i T 3 ~ T 2 ) “ ? reg en 

= (l .005 kJ/kg • K)(l400 - 650)K - 130.7 = 623. 1 kJ/kg 

_ _^net_ _ 248.7 kJ/kg = 0 399 = 39 go/o 
q in 623.1 kJ/kg 
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9-111 A regenerative gas-turbine engine using air as the working fluid is considered. The amount of heat transfer in the 
regenerator and the thermal efficiency are to be determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and 
potential energy changes are negligible. 


Properties The properties of air are given in Table A- 17. 
Analysis (a) The properties at various states are 
r p = P 2 /P X =900/100 = 9 


T x =310 K >h x =310.24 kJ/kg 

T 2 = 650 K > h 2 = 659.84 kJ/kg 

T 3 =1400K >h 3 =15 15.42 kJ/kg 

P r =450.5 

r 3 


P 


r i \ 


P = — P = 

r 4 p r. 


7/t = 


3 

- h 


9 




(450.5) = 50.06 > h 4s =832.44 kJ/kg 

n _ j 4 * = ^3 ~ Vt (^3 “ ^4 j ) 

” 3 Us = 1515.42 -(0.90)(l515.42- 832.44) 

= 900.74 kJ/kg 

q mgen = e{h 4 -h 2 ) = (0.70X900.74 - 659.84) =168.6 kJ/kg 



(b) w net = vv Xout - w Ciin = (h 3 -h 4 )~ (h 2 - h x ) 

= (1515.42 -900.74)- (659.84- 310.24)= 265.08 kJ/kg 

q . m ={h 3 -h 2 )~ q Kgcn = (l 5 15. 42 -659. 84)- 168.6 = 687. 18 kJ/kg 

= 265.08 kJ/kg 
687. 18 kJ/kg 


w 


7th = 


net 




in 
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9-112 An expression for the thermal efficiency of an ideal Brayton cycle with an ideal regenerator is to be developed. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Analysis The expressions for the isentropic compression and expansion processes are 



The thermal efficiency of the cycle is 


_ _ , ^out _! ^6 _i T x ( T 6 /T x ) 1 
77 th — 1 — 1 — 1 

q m t 3 -t 5 T 3 1-(T 5 /T 3 ) 

_ x h (T 2 /7j)- 1 
T 3 1 ~(T 4 /T 3 ) 



= 1 - 


h 

T 3 


r {k-l)/k 

p 
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Brayton Cycle with Intercooling, Reheating, and Regeneration 


9-92 


9-1 13C Because the steady-flow work is proportional to the specific volume of the gas. Intercooling decreases the average 
specific volume of the gas during compression, and thus the compressor work. Reheating increases the average specific 
volume of the gas, and thus the turbine work output. 


9-114C (a) decrease, (b) decrease, and (c) decrease. 


9-115C (a) increase, (b) decrease, and (c) decrease. 


9-116C (a) increase, (b) decrease, (c) decrease, and (d) increase. 


9-117C (a) increase, (b) decrease, (c) increase, and (d) decrease. 


9-118C (c) The Carnot (or Ericsson) cycle efficiency. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



9-93 


9-119 A regenerative gas-turbine cycle with two stages of compression and two stages of expansion is considered. The 
minimum mass flow rate of air needed to develop a specified net power output is to be determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and 
potential energy changes are negligible. 

Properties The properties of air are given in Table A- 17. 

Analysis The mass flow rate will be a minimum when the cycle is ideal. That is, the turbine and the compressors are 
isentropic, the regenerator has an effectiveness of 100%, and the compression ratios across each compression or expansion 

stage are identical. In our case it is r p = V9 = 3. Then the work inputs to each stage of compressor are identical, so are the 
work outputs of each stage of the turbine. 


T x = 300 K > h x = 300.19 kJ/kg, P,. =1.386 

P, 


P, = 


P 


P ri = (3)(l.386) = 4.158 > h 2 = h 4 =411.26 kJ/kg 


P 5 = 1200 K > h 5 = h 7 = nil. 19 kJ/kg, P r = 238 


P = — P = 

" 6 P< rs 


r i x 


1 


(238) = 79.33 > h 6 = h & = 946.36 kJ/kg 




w 


Cin =2 (h 2 -h l )= 2(411.26-300.19)= 222.14kJ/kg 
w %out =2{h 5 -h 6 )= 2(1277.79-946.36)= 662.86 kJ/kg 
w net = w T,out “ ^C,in = 662 - 86 “ 222 - 14 = 440.72 kJ/kg 

. W net 1 10.000 kJ/s , 

m = — — = = 249.6 kg/s 


w 


net 


440.72 kJ/kg 
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9-94 


9-120 A regenerative gas-turbine cycle with two stages of compression and two stages of expansion is considered. The 
minimum mass flow rate of air needed to develop a specified net power output is to be determined. 

Assumptions 1 Argon is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are negligible. 

Properties The properties of argon at room temperature are c p = 0.5203 kJ/kg.K and k = 1.667 (Table A-2a). 

Analysis The mass flow rate will be a minimum when the cycle is ideal. That is, the turbine and the compressors are 
isentropic, the regenerator has an effectiveness of 100%, and the compression ratios across each compression or expansion 

stage are identical. In our case it is r p - V9 = 3. Then the work inputs to each stage of compressor are identical, so are the 
work outputs of each stage of the turbine. 


T 2 = T \ 


t 6 =t 5 


Pi 

\ p i j 

Pi 

v p sj 


(k-\)/k 


(k-l)/k 


= (300 K)(3) 


0.667/1.68 


= 465.6 K 


= (1200 k{ I 


n 0.667/1.68 


= 773.2 K 


w Cin = 2 (h 2 -h l )=2c p (T 2 -7^)= 2(0.5203 kJ/kg- K)(465. 6-300 )K 
= 172.3 kJ/kg 

Wj out = 2 (/i 5 -h 6 )= 2 c p (t 5 -T 6 )= 2(0.5203 kJ/kg • K)(l200 - 773.2)K 
= 444.1 kJ/kg 

w net = W T,out " W C,in = 444. 1 - 172.3 = 27 1 .8 kJ/kg 





m = 


W npt 1 10,000 kJ/s 


271.8 kJ/kg 


= 404.7 kg/s 


w 


net 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



9-95 


9-121 An ideal gas-turbine cycle with two stages of compression and two stages of expansion is considered. The back work 
ratio and the thermal efficiency of the cycle are to be determined for the cases of with and without a regenerator. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal 
gas with variable specific heats. 3 Kinetic and potential energy changes are 
negligible. 

Properties The properties of air are given in Table A- 17. 

Analysis (a) The work inputs to each stage of compressor are identical, so are 
the work outputs of each stage of the turbine since this is an ideal cycle. Then, 


T x = 300 K > 


h x = 300. 19 kJ/kg 
P, = 1.386 


P 


P r , t = — P r< = (3Xl .386) = 4. 158 > h 2 = h 4 = 41 1 .26 kJ/kg 

P\ 


T 5 = 1200 K 


P = — P = 

re P< r5 


h 5 = h 7 =1277.79 kJ/kg 


P r =238 


r i \ 




(238) = 79.33 > h 6 = /z 8 = 946.36 kJ/kg 


w ain =2 (/z 2 -/z 1 )=2(411.26-300.19)=222.14kJ/kg 
w T ,out = 2 ( h 5 -h) = 2(1277.79 -946.36) =662.86 kJ/kg 



Thus, 


_ w C ,i n 222. 14 kJ/kg 

rbW w T,out 662. 86 kJ/kg 

q m = (h 5 - h 4 )+ (h 7 -h 6 ) = (1277.79 - 41 1.26)+ (1277.79 - 946.36) = 1 197.96 kJ/kg 
w net = w T ,out - w c,in = 662.86 - 222. 14 = 440.72 kJ/kg 


Pth = 


w 


net 


Pi 


in 


440.72 kJ/kg =3&g% 
1197.96 kJ/kg 


( b ) When a regenerator is used, r bw remains the same. The thermal efficiency in this case becomes 
? reg en = +*8 - h 4 ) = (0.75)(946.36 - 41 1 .26) = 401 .33 kJ/kg 
7 in =?in,oid-? reg en = 1 197.96 - 401 .33 = 796.63 kJ/kg 

MW = 440.72 kJ/kg =5f , 3% 
q in 796.63 kJ/kg 
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9-122 A gas-turbine cycle with two stages of compression and two stages of expansion is considered. The back work ratio 
and the thermal efficiency of the cycle are to be determined for the cases of with and without a regenerator. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and 
potential energy changes are negligible. 

Properties The properties of air are given in Table A- 17. 

Analysis (a) The work inputs to each stage of compressor are identical, so are the work outputs of each stage of the turbine. 
Then, 


Thus, 


T x = 300 K 


P 


->h x = 300.19 kJ/kg 
P, =1.386 


p r 2 =~t p r x = (3X1.386) = 4. 158 > h 2s = h 4s =41 1.26 kJ/kg 


1c = 


A 

h 2s ~ h \ 

h 2 - h x 


+ h 2 =h 4 =h x + {h 2s - h x )/ rj c 

= 300. 19 + (41 1 .26 - 300. 19)/(0.86) 
= 429.34 kJ/kg 


T 5 = 1200 K 


P. = 


r/ T = 


P* 

P, 


f i \ 


Pr = 


+ h 5 =/z 7 =1277.79 kJ/kg 
P =238 

r 5 

(238) = 79.33 > h 6s = /z 8s =946.36 kJ/kg 



v-v 


h 5 - K 


, _ , » h 6 = h & = h 5 - >1 T ( h 5 - h 6 s ) 

15 6s = 1277.79 -(0.90)(l277.79- 946.36) 

= 979.50 kJ/kg 


W C,in 

- 2 (h 2 

- /;,)= 2(429.34 - 300.19) = 258.3 kJ/kg 

W T,OUl 

: = 2(^5 

-h 6 )= 2(1277.79 - 979.50) = 596.6 kJ/kg 

r hw = 

w Cjn 

258.3 kJ/kg ... . _ 

= 6 =0.433 = 43 . 3 % 


w T,out 

596.6 kJ/kg 

4in = 

(h 5 -h 4 )+(h 7 -h 6 )=( 1277.79 -429.34)+ (1277 

^net 

^T,out 

- w c?in = 596.6 - 258.3 = 338.3 kJ/kg 

>7 t h = 

^net _ 

338 ' 3kJ/k ^ =0.295=29.5% 

4in 

1146.7 kJ/kg 


( b ) When a regenerator is used, r bw remains the same. The thermal efficiency in this case becomes 

<7 reg en =4*8 -K)= (0.75X979.50 — 429.34) = 412.6 kJ/kg 
<7in = 4in,old - q Kg en = 1 146.7 - 412.6 = 734. 1 kJ/kg 


w 


^th = 


net 


338.3 kJ/kg 
q in 734. 1 kJ/kg 


= 0.461 = 46 . 1 % 
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9-123 A regenerative gas-turbine cycle with two stages of compression and two stages of expansion is considered. The 
thermal efficiency of the cycle is to be determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis The temperatures at various states are obtained as follows 




The heat rejected is 

# out = c p ( T io~ T 0 + c P (^2 ~ ^3 ) 

= (1.005 kJ/kg • K)(520.2 - 290 + 430.9 - 290) R 
= 373.0kJ/kg 

The thermal efficiency of the cycle is then 

77* = 1-^hL = 1-T22 =0.378 
q m 600 
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9-98 


9-124 A regenerative gas-turbine cycle with three stages of compression and three stages of expansion is considered. The 
thermal efficiency of the cycle is to be determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis The temperatures at various states are obtained as follows 

T 2 = T 4 =T e =T l r ( p k ~ l)/k = (290 K)(4) 0-4/1 4 = 430.9 K 
T 7 =T 6 +20 = 430.9 + 20 = 450.9 K 

# in ~ C n (^8 ~ T 1 ) 

300 kJ/kg 


in 8 ± 7 

^ in 


To =T 


7 


= 450.9 K 


c 


p 


1.005 kJ/kg-K 


= 749.4 K 


T g =T, 




\ r p J 


= (749.4 K) 


0.4/1 .4 

V4y 


= 504.3 K 



^io - T9 


93 


in 


= 504.3 K 


300 kJ/kg 


c 


p 


1.005 kJ/kg-K 


= 802.8 K 


^11 -^10 




\ r p J 


= (802.8 K) 


c y ^0. 4/1.4 


T\ 2 - T 1 1 


93 


in 


= 540.2 K 


v4y 

300 kJ/kg 


c 


p 


1.005 kJ/kg-K 


= 540.2 K 


= 838.7 K 


T\ 3 - T x 2 


r \(k-i )/k 


\ r p J 


= (838.7 K) 


f ^ ^ 0.4/1 .4 




= 564.4 K 


7j 4 = 7j 3 - 20 = 564.4 - 20 = 544.4 K 
The heat input is 

q in = 300 + 300 + 300 = 900 kJ/kg 


The heat rejected is 

9 r out = c P ( t \ 4 ~ t \) + c p (^2 ~ T 3 ) + c p (T 4 - T 5 ) 

= (1 .005 kJ/kg • K)(544.4 - 290 + 430.9 - 290 + 430.9 - 290) R 
= 538.9kJ/kg 

The thermal efficiency of the cycle is then 

77th =i-i»s‘=i- ^^ = 0.401 = 40.1% 
q ln 900 
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9-125 A regenerative gas-turbine cycle with three stages of compression and three stages of expansion is considered. The 
thermal efficiency of the cycle is to be determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis Since all compressors share the same compression ratio and begin at the same temperature, 


T 2 =T 4 =T 6 = T 1 r ( p k ~ 1),k = (290 K)(4) QAnA = 430.9 K 



The simultaneous solution of above equations using EES software gives the following results 

r 7 = 499.2 K, r 8 = 797.7 K, T 9 = 536.8 K 

7j 0 = 835.3 K, T n = 562.1 K, 7j 2 = 860.6 K, 7j 3 = 579.2 K 


From an energy balance on the regenerator, 

r v -r 6 =r 13 -r 14 

(r 13 -80)-r 6 = t 13 - t 14 > t 14 = t 6 + so = 430.9 + 80 = 5 10.9 k 

The heat input is 

q in = 300 + 300 + 300 = 900 kJ/kg 
The heat rejected is 

qout = c p(T\A- T \) + c p( r 2 -T 2> ) + c p {T 4 -T s ) 

= (1.005 kJ/kg • K)(510.9 - 290 + 430.9 - 290 + 430.9 - 290) R 
= 505.3 kJ/kg 

The thermal efficiency of the cycle is then 

1 _ ioui = 1 _ 5053 = 0 4385 = 43 9 % 
q m 900 
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Jet-Propulsion Cycles 


9-100 


9-126C The power developed from the thrust of the engine is called the propulsive power. It is equal to thrust times the 
aircraft velocity. 


9-127C The ratio of the propulsive power developed and the rate of heat input is called the propulsive efficiency. It is 
determined by calculating these two quantities separately, and taking their ratio. 


9-128C It reduces the exit velocity, and thus the thrust. 
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9-101 


9-129E A turbojet engine operating on an ideal cycle is flying at an altitude of 20,000 ft. The pressure at the turbine exit, the 
velocity of the exhaust gases, and the propulsive efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 Kinetic and potential energies are negligible, except at the diffuser inlet and 
the nozzle exit. 5 The turbine work output is equal to the compressor work input. 

Properties The properties of air at room temperature are c p = 0.24 Btu/lbm.R and k = 1.4 (Table A-2Ea). 

Analysis (a) For convenience, we assume the aircraft is stationary and the air is moving towards the aircraft at a velocity of 
Vi = 900 ft/s. Ideally, the air will leave the diffuser with a negligible velocity (V 2 = 0). 

Diffuser: 


-^"in -^out ^'^'system 


cPO (steady) 


^in “ ^out 

h x +vf 12 = h 2 +V 2 2 12 


0 = h 2 -h x + 


9^0 9 

vj -V , 2 

2 


0 = cjT 2 -T 1 )-V 1 2 /2 



V x 

7% = P -\ — — = 470 + 


(900 ft/s) : 


r 1 Btu/lbm N 


P 2 =P X 


2c 


p 


(2X0.24 Btu/lbm- R) 


25,037 ft 2 /s 2 


= 537.4 R 


f rp ^ 

1 2 

K T U 


k/(k~ l) 


= ( 7 P Sia j 


. / 537.3 R 


xl. 4/0.4 


7 470 R 


= 11.19 psia 


V 


Compressor: 

P 3 = P 4 ={r \p 2 )= (l3Xl 1.19 psia) = 145.5 psia 


t 3 =t 2 


p 

r p x(*-i)/* 


\ P 2J 


= (537.4 RX13)°- 4/1 - 4 = 1 1 18.3 R 


Turbine: 


w comp4n _ w turb,out * ^3 ^2 “ ^4 ^5 


> c /?( 7 3 ~ T 2)~ C p( T 4 -^ 5 ) 


or 


T 5 =T a -T 3 +T 2 = 2400-1118.3+537.4 = 1819.1 R 

k/(k-\) / _ \ 1. 4/0.4 




W* l> Akc . /1819.1R a 
— = (l45.5psia| 

v r 4 J v \ 2400 R 


= 55.2psia 


( b ) Nozzle: 


t 6 =t s 


r p \(M/* 


K p 5j 


= ( 181 9. 1R (-2pL 

l 55.2 psia 


x 0.4/1.4 


= 1008.6 R 
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9-102 


Z7 _ 77 AF 

^in ^out — ZAiZ 'system 

^in = ^out 


h 5 +y 5 2 12 = h 6 +y 6 2 /2 


<^0 (steady) 


0 = hfL-h* + 


o O<^0 

Yi -V 5 - 

2 


0 = c p (T 6 -T 5 )+V 6 2 /2 


or 


v 6 = 


1 


(2X0.240 B tu/lbm- R Xl 8 1 9 . 1 - 1 008 . 6)R 


^25,037 fi 2 /s 2 ^ 

1 B tu/lbm 


= 3i2ify s 


(c) The propulsive efficiency is the ratio of the propulsive work to the heat input, 

~ (^exit ^inlet ^aircraft 


= [(3121- 900) ft/s X900 ft/s 


{ 25,037 ft 2 /s 


1 B tu/lbm 

2/2 


= 79.8 Btu/lbm 


q . m = h 4 -h 3 =c (t 4 -T 3 )= (0.24 Btu/lbm- R.X2400 - 1 1 1 8. 3)R = 307.6 Btu/lbm 


w 


Vp = 


p 


79.8 Btu/lbm 


q in 307.6 Btu/lbm 


= 25.9% 
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9-103 


9-130E A turbojet engine operating on an ideal cycle is flying at an altitude of 20,000 ft. The pressure at the turbine exit, the 
velocity of the exhaust gases, and the propulsive efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
variable specific heats. 4 Kinetic and potential energies are negligible, except at the diffuser inlet and the nozzle exit. 5 The 
turbine work output is equal to the compressor work input. 

Properties The properties of air are given in Table A-17E. 

Analysis (a) For convenience, we assume the aircraft is stationary and the air is moving towards the aircraft at a velocity of 
Vj= 900 ft/s. Ideally, the air will leave the diffuser with a negligible velocity (V 2 = 0). 


Diffuser: 7j = 470 R > h x = 1 12.20 Btu/lbm 

P, = 0.8548 


^in ^out 

Em = E oui 


/z 1 +y 1 2 /2 = /! 2 +y 2 2 /2 


+0 (steady) 


0 = h 2 — h x + 


9 +0 9 

y 2 -Vi 


V , 


(900 ft/s )* 


h 2 =h, + — = 112.20 + 

2 1 2 2 


1 Btu/lbm 
25,037 ft 2 /s 2 



= 128.48 Btu/lbm >P. =1.3698 

r 2 


P 2 = P ] 


f P T A 
'2 


P r 

v r 'y 



1.3698" 

0.8548, 


11.22psia 


Compressor: 

p 3 =p 4 (l3Xl 1.22 psia)= 145.8 psia 




A 


P 


2 J 



145.8" 

11 . 22 , 


(l. 368)= 17.80 


» h 3 = 267.56 Btu/lbm 


Turbine: T 4 = 2400 R 


h 4 = 617.22 Btu/lbm 
P r =367.6 

r 4 


^compjn ^turb,out 

h 3 ~h 2 =h 4 -h 5 


or 


h 5 =h 4 -h 3 +h 2 =617.22-267.56 + 128.48 = 478.14 Btu/lbm >P r =142.7 


P 5 =P 4 


r P ^ 
^•5 


P r 

v 4 y 


142.7 


A 


= (l45.8 psial — =56.6 psia 


367.6 


( b ) Nozzle: 


P, =A 






= (142.7) 


7 psia 
56.6 psia 


= 17.66 > lu = 266.93 Btu/lbm 
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9-104 


^in ^out ^^'system 


<P0 (steady) 


^in — ^out 

h 5 +V 5 /2 =K +V 6 /2 


o = h 6 -h 5 + 


7 7 <?o 

Ve -V 5 2 


or 


^6 _ yl^ih 5 h b ) - 


(2X478. 14 - 266.93)Btu/lbm 


r 25,037 ft 2 /s 2 ^ 

1 Btu/lbm 


= 3252 ft/s 


(c) The propulsive efficiency is the ratio of the propulsive work to the heat input, 

^ p — (^exit ^inlet ^aircraft 


= [(3252 - 900) ft/s) ](900 ft/s) 


f 1 Btu/lbm ' 
25,037 ft 2 /s 2 


= 84.55 Btu/lbm 


q in =h 4 -h 3 =617.22-267.56 = 349.66 Btu/lbm 


w 


1 Ip = 


p 


84.55 Btu/lbm 


q in 349.66 Btu/lbm 


= 24.2% 
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9-131 A turbofan engine operating on an ideal cycle produces 50,000 N of thrust. The air temperature at the fan outlet 
needed to produce this thrust is to be determined. 


9-105 


Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 

Properties The properties of air at room temperature are R = 0.287 kPa-m/kg-K, c p = 1.005 kJ/kg-K and k = 1.4 (Table A- 
2a). 

Analysis The total mass flow rate is 


v i 

m 


RT (0.287 kPa-m 3 )(253K) , ^ 3/1 

= = 1 .452 m /kg 

P 

AV X 


i/ 


50kPa 

tzD 2 Vi _ 7r( 2.5 m) 
4 c/j ~ 4 


200 m/s 


1.452 m 3 /kg 


= 676.1 kg/s 


Now, 


m e 


m 

J 


676.1 kg/s 
8 


84.51 kg/s 



The mass flow rate through the fan is 

ihj — m — in e — 676. 1 - 84.5 1 = 59 1 .6 kg/s 


In order to produce the specified thrust force, the velocity at the fan exit will be 
F — lit f (V ex it — ^inlet ) 


^exit ^inlet 


F non 50,000 N 
- — = (200 m/s) 


m 


f 


591.6 kg/s 


lkg -m/s 
IN 


2 A 


= 284.5 m/s 


An energy balance on the stream passing through the fan gives 


Cp (T 4 -T,) = 


y 2 . - y , 2 , 

y exit r inlet 


t 5 =t 4 


V 2 . -V 2 . 
r exit r inlet 


2c 


P 


= 253 K- 


(284.5 m/s) 2 -(200 m/s) 2 r 


2(1.005 kJ/kg-K) 


1 kJ/kg 


2 /„ 2 


1000 m z /s 


= 232. 6K 
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9-106 

9-132 A pure jet engine operating on an ideal cycle is considered. The velocity at the nozzle exit and the thrust produced are 
to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 

Properties The properties of air at room temperature are R = 0.287 kPa-m / kg-K, c p = 1.005 kJ/kg-K and k = 1.4 (Table A- 
2a). 

Analysis {a) We assume the aircraft is stationary and the air is moving 
towards the aircraft at a velocity of V \ = 240 m/s. Ideally, the air will 
leave the diffuser with a negligible velocity (V 2 = 0)- 
Diffuser: 


r 77 AF 

^in ^out — ^^system 


<^0 (steady) 


■>^i n — E Q ut 


2^° 2 

h { +Vf/2 = h 2 + V 2 12 >0 = h 2 -/z, + - 2 


2 


° = C P ( T 2 -T x )-V? 12 



V, 


T 2 =T t + — = 260 K + 


(240 m/s)' 


P 2 = P \ 


2 c 


r T \k/(k- 1 ) 
_2 


(2X1.005 kJ/kg-K) 


lkJ/kg 


v 1000 m 2 /s 2 j 


= 288.7 K 


= (45 kPaf 


288.7 K 


xl. 4/0.4 


\ 260 K 

Compressor: 

P 3 = P 4 = (r \p 2 ) = (13X64. 88 kPa) = 843.5 kPa 


= 64.88 kPa 


t 3 =t 2 


P 

fp \{k-l)/k 


K P 2J 


= (288.7 k)(13)°' 4/1 ' 4 =600.7 K 


Turbine: 

or 

Nozzle: 


Wcompin = w 'tuA,out » h 3 ~ h 2 = K ~ fl 5 » C p (T 3 -T 2 ) = C p (^ - T 5 ) 

T 5 =T 4 -T 3 +T 2 =830-600.7 + 288.7 =518.0 K 


t 6 =t 4 




\ P 4 J 


(k-\)/k 


= (830k( 


^in ^out ^^system 
h 5 + V 5 /2 = h 6 + V 6 /2 


<P0 (steady) 


45 kPa 
\843.5kPa 

>E: n =E t 


\ 0.4/1 .4 


= 359.3 K 


'in ^out 


2 2^° 

0 = K - h 5 + > 0 = c , {t 6 - t 5 ) + V 6 2 / 2 


or 


V.=v ait = 


\ 


(2X1 .005 kJ/kg • K X5 1 8.0 - 359.3)K 


2 1000 m 2 /s 2 ' 
1 kJ/kg 


564.8 m/s 


The mass flow rate through the engine is 

RT (0.287 kPa-m 3 )(260K) , , co 3/1 

i/, =— — = _ t _ = 1.658 m /kg 


P 


45 kPa 


. AVj ttD 2 V 1 71(1. 6 m) 2 240 m/s onl nl , 

m = = = : = 291 .0 kg/s 


1/ 


4 1/ 


1.658 m /kg 


The thrust force generated is then 


F = rn(V ex it - VJniet) = (291.0kg/s)(564.8 - 240)m/s 


IN 


1 kg • m/s 


94,520N 
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9-133 A turbojet aircraft flying at an altitude of 9150 m is operating on the ideal jet propulsion cycle. The velocity of 
exhaust gases, the propulsive power developed, and the rate of fuel consumption are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 Kinetic and potential energies are negligible, except at the diffuser inlet and 
the nozzle exit. 5 The turbine work output is equal to the compressor work input. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 

Analysis {a) We assume the aircraft is stationary and the air is moving 
towards the aircraft at a velocity of V { = 280 m/s. Ideally, the air will 
leave the diffuser with a negligible velocity (V 2 = 0). 

Diffuser: 


^in ^out ^-^system 


+0 (steady) 


->Ei n — E out 


2 <P0 2 

h x + Vf/2 = h 2 +V 2 2 12 >0 = h 2 -/z, + zX]— 


0 = c p (t 2 -T x )-V{ 12 


t 2 =t 1 + 


V, 


2c 


= 241 K + 


(280 m/s) : 


(2X1.005 kJ/kg-K) 


1 kJ/kg 


v 1000 m 2 /s 2 j 



P 2= P l 


r T \ 

il 

V 7 ! J 


k/(k~ l) 


= (32 kPa' 


280.0 K 
241 K 


n 1. 4/0.4 


= 54.10 kPa 


Compressor: 

P 3 = P 4 = (r \P 2 ) = (12X54. 10 kPa) = 649.2 kPa 


t 3 =t 2 


f p ^ 
_2 

\ P 2J 


(k-i)/k 


= (280.0 kX12) 0 4/1 4 = 569.5 K 


Turbine: 


^compdn = w turb,out > h 3 ~ h 2 = K ~ h 5 » C p ( T 3 ~ T 2 ) = C p ( T 4 ~ T 5 ) 


or T 5 =T 4 -T 3 +T 2 = 1100 -569.5 + 280.0 = 810.5 K 
Nozzle: 


P 6= P 4 




K P 4 J 


(k~\)/k 


f 


^in ^out ^^system 


h 5 + V 5 2 /2 = /z 6 +y 6 2 / 2 


= (1100 KJ 

+0 (steady) 


32 kPa 


n 0.4/1 .4 


\ 649.2 kPa 
>zL =E, 


= 465.5 K 


'in ^out 


2 2^ 

0 = /z 6 -/z 5+ ^^ >0 = c p {T 6 -T 5 ) + V 6 2 /2 


or 

(b) 

(c) 


V 6 = 


i 


(2X1.005 kJ/kg • KX810.5 - 465. 5 )K 


4 1000 m 2 /s 2 A 
1 kJ/kg 


832.7 m/s 


w p = m{v ex it - V inlct Ki rcra ft = (50 kg/sX832.7 - 280)m/s(280 m/s] 


= 7738 kW 


/ 1 kJ/kg 

\1000m 2 /s 2 

Q in =m(h 4 - h 3 )= me „ (T 4 - 7 ) = (50 kg/sXl .005 kJ/kg • KXl 100 - 569.5)K = 26,657 kJ/s 


'"fuel = 


Q m 26,657 kJ/s 


HV 42,700 kJ/kg 


= 0.6243 kg/s 
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9-134 A turbojet aircraft is flying at an altitude of 9150 m. The velocity of exhaust gases, the propulsive power developed, 
and the rate of fuel consumption are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 Kinetic and potential energies are negligible, except at the diffuser inlet and 
the nozzle exit. 


Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 

Analysis (a) For convenience, we assume the aircraft is stationary and the air is moving towards the aircraft at a velocity of 
V i = 280 m/s. Ideally, the air will leave the diffuser with a negligible velocity (V 2 = 0). 

Diffuser: 


^in ^out ^'^'system 


+0 (steady) 


E in = £ ou. 

h x +Vf/2 = h 2 + V 2 I 2 


0 = ho —h\ + 


9^0 ? 

Vi -V{ 
2 


° = C P ( T 2 -T^-Vf /2 



V, 


T 2 =T { + — = 241 K + 


(280 m/s) : 


P 2 =Pi 


2c 


r T >*/(*-!) 
__2 


(2X1.005 kJ/kg-K) 


^ 1 kJ/kg N 

v 1000 m 2 /s 2 j 


= 280.0 K 


= (32 kPaf 


280.0 K 


xl. 4/0.4 


\ 241 K 


= 54. 10 kPa 


Compressor: 

P 3 = P 4 = (r \p 2 ) = (12X54. 10 kPa) = 649.2 kPa 


T is =T 2 


C p ^ 

\P 2 j 


(k-\)/k 


= (280.0 KXl2) 0 - 4/L4 = 569.5 K 


_ ^3s ~ ^2 _ C P (^3.v ) 

7C “ h 3 -h 2 ~ c p (T,-T 2 ) 

T 3 =t 2 +(t 3s -T 2 )/ti c = 280.0 + (569.5 - 280.0)/(0.80) = 641.9 K 


Turbine: 

WcompXn = w turb,out » h 3 ~ h 2 = K ~ h 5 » C p ( T 3 ~ T 2 ) = C p ( T 4 ~ T 5 ) 

or, 


T 5 = T 4 -T 3 + T 2 =1100 -641.9+ 280.0 = 738.1 K 


h 4 - h 5 


c 


^4 hss c p (^4 T 5s ) 

T 5s =T 4 ~(t 4 -T 5 )/tj t =1100-(ll00-738.l)/0.85 = 674.3K 


Ps=P4 


T< 


5 s 


V r 4 ) 


k/(k~l) 


= (649.2 kPa 


{ 


674.3 K 


1 .4/0.4 


\ 1 100 K 


= 117.0 kPa 
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Nozzle: 


or, 


(b) 


(c) 


t 6 =t 5 


r p \(k-i)/k 

i A 


V P 5J 


= (738. 1 K 


32 kPa 
1 17.0kPa 


\ 0 . 4 / 1 .4 


= 509.6 K 


^in ^out ^-^system 
^in = ^out 

/ !5 +V 5 2 /2 = /z 6 +V 6 2 /2 


<P0 (steady) 


0 = h 6 - h 5 + 


o ? <?o 

Ve ~ Vi 


0 = c p {T 6 -T 5 ) + V 6 2 /2 


V* = 


1 


(2 )(l .005 kJ/kg • K)(738. 1 - 509.6)R 


A 1000 m 2 /s 2 2 
1 kJ/kg 


= 677.8 m/s 


Wp =m(y exit -^inletkaircraft 

= (50 kg/s)(677.8 - 280)m/s(280 m/s 

= 5569 kW 


/ 1 kJ/kg 

\1000m 2 /s 2 


Q m =rh{h 4 -h 3 ) = mc p (T 4 -T 3 ) = (50 kg/sXl.005 kJ/kg-K)(ll00 - 641.9)K = 23,020kJ/s 


^fuel 


Q [n 23,020 kJ/s 


HV 42,700 kJ/kg 


= 0.5391 kg/s 
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9-135 A turbojet aircraft that has a pressure rate of 9 is stationary on the ground. The force that must be applied on the 
brakes to hold the plane stationary is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
variable specific heats. 4 Kinetic and potential energies are negligible, except at the nozzle exit. 

Properties The properties of air are given in Table A- 17. 

Analysis (a) Using variable specific heats for air, 

T 

Compressor: A o 


P = 290 K 


h x = 290. 16 kJ/kg 
P,. =1.2311 


P ri = — P ri = (9)(l .23 1 1) = 1 1 .08 > h 2 = 544.07 kJ/kg 



Gin = mfoe 1 x HV = (0.5 kg/s)(42,700 kJ/kg) = 21,350 kJ/s 

G in 21,350 kJ/s 1A ^ C1T/1 
q [n = — = — — — = 1067.5 kJ/kg 
m 20 kg/s 


^in = h 3 ~ h 2 


h 3 =h 2 + q in = 544.07 + 1067.5 = 161 1.6 kJ/kg 


P r =568.5 

• 'i 


Turbine: 


; comp,in ^turb,out 


h 2 ~ h\ = h 3 - h 4 


h 4 =h 3 -h 2 +h x =1611.6-544.07 + 290.16 = 1357.7 kJ/kg 


Nozzle: 


?-l = (568.5^1 = 63. 17 


^in ^out ^^system 

K i = E 0 ut 


a 4 +y 4 2 /2 = /z 5 +y 5 2 /2 


<+0 (steady) 


0 = /ic - /ly, + 


9 9+0 

y 5 2 -y 4 2 


/r 5 =888.56 kJ/kg 


V 5 = 


/ 2 2 \ 

( 4 - /i 5 ) = (2X1357.7 -888.56)kJ/kg 1000 m /s =968.6 m/s 

V 1 kJ/kg 


Brake force = Thrust = m(U exit - V inlet ) = (20 kg/s)(968.6 - 0)m/ 


1 kg • m/s' 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



9-111 


9-136 



Problem 9-135 is reconsidered. The effect of compressor inlet temperature on the force that must be applied to 


the brakes to hold the plane stationary is to be investigated. 
Analysis Using EES, the problem is solved as follows: 


P_ratio =9 
T_1 = 7 [C] 

T[1] = T_1+273 "[K]" 

P[1]= 95 [kPa] 

P[5]=P[1] 

Vel[1]=0 [m/s] 

V_dot[1] = 18.1 [m A 3/s] 

HVJuel = 42700 [kJ/kg] 
m_dot_fuel = 0.5 [kg/s] 

Eta_c = 1.0 
Eta_t = 1 .0 
Eta_N = 1.0 

"Inlet conditions" 

h[1 ]=ENTHALPY(Air,T =T[1 ]) 

s[1]=ENTROPY(Air,T=T[1],P=P[1]) 

v[1]=volume(Air,T=T[1],P=P[1]) 

mjot = V_dot[1]/v[1] 

"Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]" 

T_s[2]=TEMPERATURE(Air,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=ENTHALPY(Air,T=T_s[2]) 

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) "Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 

"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 
h[3]=ENTHALPY(Air,T=T[3]) 

Q_dot_in = m_dot_fuel*HV_fuel 

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 

"Turbine analysis" 
s[3]=ENTROPY(Air,T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

{P_ratio= P[3] /P[4]} 

T_s[4]=TEMPERATURE(Air,h=h_s[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
{h_s[4]=ENTHALPY(Air,T=T_s[4])} "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t" 
Etaj=(h[3]-h[4])/(h[3]-h_s[4]) 

m_dot*h[3] = W dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
T[4]=TEMPERATURE(Air,h=h[4]) 

P[4]=pressure(Air,s=s_s[4],h=h_s[4]) 

"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 

W dot_net = 0 [kW] 

"Exit nozzle analysis:" 
s[4]=entropy('air',T=T[4],P=P[4]) 

s_s[5]=s[4] "For the ideal case the entropies are constant across the nozzle" 

T_s[5]=TEMPERATURE(Air,s=s_s[5], P=P[5]) "T_s[5] is the isentropic value of T[5] at nozzle exit" 
h_s[5]=ENTHALPY(Air,T=T_s[5]) 

Eta N=(h[4]-h[5])/(h[4]-h_s[5]) 

m_dot*h[4] = m dot*(h_s[5] + Vel_s[5] A 2/2*convert(m A 2/s A 2, kJ/kg)) 
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m_dot*h[4] = m_dot*(h[5] + Vel[5] A 2/2*convert(m A 2/s A 2,kJ/kg)) 

T[5]=TEMPERATURE(Air,h=h[5]) 

s[5]=entropy('air',T=T[5],P=P[5]) 

"Brake Force to hold the aircraft:" 

Thrust = m_dot*(Vel[5] - Vel[1]) "[N]" 

BrakeForce = Thrust "[N]" 

"The following state points are determined only to produce a T-s plot" 

T[2]=temperature('air',h=h[2]) 

s[2]=entropy('air',T=T[2],P=P[2]) 


Brake 

Force 

fNl 

m 

[kg/s] 

t 3 

[K] 

Ti 

[C] 

21232 

23.68 

1284 

-20 

21007 

23.22 

1307 

-15 

20788 

22.78 

1330 

-10 

20576 

22.35 

1352 

-5 

20369 

21.94 

1375 

0 

20168 

21.55 

1398 

5 

19972 

21.17 

1420 

10 

19782 

20.8 

1443 

15 

19596 

20.45 

1466 

20 

19415 

20.1 

1488 

25 

19238 

19.77 

1510 

30 



[C] 


Air 
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9-137 Air enters a turbojet engine. The thrust produced by this turbojet engine is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
variable specific heats. 4 Kinetic and potential energies are negligible, except at the diffuser inlet and the nozzle exit. 

Properties The properties of air are given in Table A- 17. 

Analysis We assume the aircraft is stationary and the air is moving towards the aircraft at a velocity of V x = 300 m/s. Taking 
the entire engine as our control volume and writing the steady-flow energy balance yield 


7] = 280 K 


T 2 = 700 K 


h x = 280.13 kJ/ kg 


-> h 2 =713.27 kJ /kg 

<P0 (steady) 


^in ^out ^-^'system 
^in = ^out 

<2 in + m(h x + V x 1 2) = m(h 2 + V 2 / 2) 


2 in = ™ 


h 2 — h x + 


vi-v^ 


15,000 kJ/s = (16 kg/s)^ 13.27 -280. 13 + — — ^ 3QQ m/s ) 


15,000 kJ/s 


7°C 

300 m/s- 
16 kg/s 


-V 




/ 


o / \ 

f 1 kJ/kg 
v 1000m 2 /s 2 y 




> 427°C 


2 


It gives 

y 2 = 1048 m/s 

Thus, 

F p = m(V, - V, ) = (l 6 kg/s Xl 048 - 300)m/s = 1 1 ,968N 
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9-138 The total exergy destruction associated with the Otto cycle described in Prob. 9-33 and the exergy at the end of the 
power stroke are to be determined. 

Analysis From Prob. 9-33, q m = 750, q out = 357.62 kJ/kg, T\ = 300 K, and T 4 = 774.5 K. 

The total exergy destruction associated with this Otto cycle is determined from 


•^destroyed -^0 


<7out <l\ 


in 


K T L 


T 


= (300 K)f 


357.62 kJ/kg 750 kJ/kg 


h j 


\ 300 K 


2000 K 


= 245.1 kJ/kg 


Noting that state 4 is identical to the state of the surroundings, the exergy at the end of the power stroke (state 4) is 
determined from 

</> 4 = (u 4 -u 0 )-T 0 (s 4 -5 0 )+ j P 0 (i/ 4 -v 0 ) 


where 


u 4 -u {) -u 4 -U\ = q ou i = 357.62kJ/kg 
v 4 -v 0 =v 4 -v l =0 


P 

s 4 -s 0 = s 4 - s x = s 4 — si - Rln — = s° 4 - si - R\n 

P i 


r 4 t/i 


T 


4 


= sl -sl -Rln 

1^4 


774 5 K 

= 2. 6823 - 1 . 70203 - (0. 287 kJ/kg • K) In = 0.7081 kJ/kg • K 

v 7 300 K 


Thus, 

<j> 4 = (357.62 kJ/kg)- (300 K)(0.7081 kJ/kg - K)+0 = 145.2 kJ/kg 


9-139 The total exergy destruction associated with the Diesel cycle described in Prob. 9-46 and the exergy at the end of the 
compression stroke are to be determined. 

Analysis From Prob. 9-46, q m = 1019.7, q out = 445.63 kJ/kg, T x = 300 K, t/j = 0.906 m 3 /kg, and c / 2 = i /j / r = 0.906 / 12 = 
0.0566 m 3 /kg. 


The total exergy destruction associated with this Otto cycle is determined from 


•^destroyed ^0 


^out 


in 


K T L 


T 


= (300 K)f 


445.63 kJ/kg 1019.7 kJ/kg 


h j 


\ 300 K 


2000 K 


= 292.7 kJ/kg 


Noting that state 1 is identical to the state of the surroundings, the exergy at the end of the compression stroke (state 2) is 
determined from 

02 = { u 2 ~ u o)~T(){ s 2 -^o)+ _t/ o) 

= ( u 2 - U l )-T 0 (s 2 -s x )+ Pq { y 2 _t/ l ) 

= (643.3-214.07)-0 + (95 kPaX0.0566-0.906)m 3 /kg 

= 348.6 kJ/kg 


lkJ 


1 kPa • m 
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9-140E The exergy destruction associated with the heat rejection process of the Diesel cycle described in Prob. 9-52E and 
the exergy at the end of the expansion stroke are to be determined. 

Analysis From Prob. 9-52E, q oui = 173.7 Btu/lbm, T\ = 580 R, P\ = 14.7 psia, and i/ 4 = c/j. 

Also, we obtain temperature and pressure at state 4 as 

=9.375 » T a =1531. 8R 

'4 ^ 

* = *± - P 4 = P, = (14.7 kPa) = 38.82 kPa 

P x T x 7j 580 K 

The entropy change during process 4- 1 is 

S l ~ S 4 = s l @580R — 5 4@1531.8R — ^ ^ n (^l ^4) 

= 0.61793 - 0.85970 - (0.06855) ln(14.7 / 38.82) 

= -0.1752 Btu/lbm- R 


Thus, 


•^destroyed ,41 ^0 


S X ~S 4 + 


1 


r 




= (540 R } - 0. 1752 Btu/lbm- R 


+ 


173.7 Btu/lbm 


\ 


540 R 


= 79.1 Btu/lbm 


Noting that state 4 is identical to the state of the surroundings, the exergy at the end of the power stroke (state 4) is 
determined from 


</> 4 =(u 4 -u q )-T 0 (s 4 -5 0 )+P , 0 (i/ 4 -</ 0 ) 

where 

ii 4 — Uq = m 4 — ii \ — q out = 173.7 Btu/lbm- R 

i/ 4 - c/ 0 = t/ 4 - t/i = 0 

s 4 — s 0 = s 4 - s x = 0. 1752 Btu/lbm- R 

Thus, 

(/> 4 = (173.7 Btu/lbm) - (540 RXO. 1752 Btu/lbm- R)+ 0 = 79.1Btu/lbm 

Discussion Note that the exergy at state 4 is identical to the exergy destruction for the process 4-1 since state 1 is identical 
to the dead state, and the entire exergy at state 4 is wasted during process 4-1. 
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9-141 The exergy loss of each process for an air-standard Stirling cycle described in Prob. 9-74 is to be determined. 

Analysis From Prob. 9-74, q m = 1275 kJ/kg, q out = 212.5 kJ/kg, T\ = T 2 = 1788 K, T 3 = T 4 = 298 K. The exergy destruction 
during a process of the cycle is 

r \ 


-^dest -^O^gen -^0 


As 


?i 


in 


^out 


T T 

1 source 1 sink J 


Application of this equation for each process of the cycle gives 


S2~S\ = c v In 


77 


r, 


Kin 


Vr 




= 0 + (0.287 kJ/kg • K) ln(12) = 0.7 132 kJ/kg • K 


X dest,l -2 “^0 


S-> - V 




in 


T, 


source J 


= (298 K) 


0. 7 132 kJ/kg -K 


1275 kJ/kg 
1788 K 


= 0.034kJ/kg«0 



^4 ~ s 3 =C v ln 


Ta 

T, 


Rln 


v 


v 


= 0 + (0.287 kJ/kg -K) In 


v 12 J 


-0.7 132 kJ/kg -K 


x dest, 3-4 “^o! 


S A - S'! + 


q 


out 


T 

1 sink J 


= (298 K) 


- 0. 7 132 kJ/kg -K 


212.5 kJ/kg 
298 K 


= -0.034kJ/kg*0 


These results are not surprising since Stirling cycle is totally reversible. Exergy destructions are not calculated for processes 
2-3 and 4-1 because there is no interaction with the surroundings during these processes to alter the exergy destruction. 
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9-142 The exergy destruction associated with each of the processes of the Brayton cycle described in Prob. 9-83 is to be 
determined. 

Analysis From Prob. 9-83, q m = 698.3 kJ/kg, q ou{ = 487.9 kJ/kg, and 

T x = 295 K >s[ =1.685 15 kJ/kg • K 

h 2 = 626.60 kJ/kg > s° 2 = 2.441 17 kJ/kg • K 

T 3 = 1240 K >sl = 3.21751 kJ/kg -K 

h 4 = 783.04 kJ/kg > s° 4 = 2.66807 kJ/kg • K 


Thus, 


•^destroyed! 2 “ ^0 s genX2 “ ^o( S 2 s l)~^C 


s° 2 -sl-R \ n 


P n 


P 


l 7 


= (295 K)(2. 44 1 1 7 - 1 . 685 1 5 - (0. 287 kJ/kg • K)ln(l 0)) 

= 28.08 kJ/kg 


•^destroyed ,2 3 ^0^gen,23 ^0 


^3 ^2 + 


9/?, 23 


r 




= Tr 


s 3 - ^2 - Pin 




^0 


9i 


in 


T 


H 


= (295 K|3. 21751-2.44117 

= 100.3 kJ/kg 

•^destroyed 3 4 = ^0‘ y gen34 = ^0 ( 5 4 ~ *3 ) = 


698.3 kJ/kg 
1600 K 


s° 4 -s° 3 -R\n 


Pa 


P 


3 7 


= (295 k)( 2. 66807 - 3 . 2 1 75 1 - (0. 287 kJ/kg • K)ln(l/ 1 0)) 

= 32.86 kJ/kg 


•^destroyed, 4 1 ^0^gen,4 1 ^0 


Si “S/i + 


9/?,41 


r 


/? 


= Tr 


sl-sl-Rln 


P a ' 

M 9 out 


P 


4 


r 


L 


7 


= (295 k{ 1 .685 15 - 2. 66807 + 487 - 9 kJ/k g 
\ 295 K 

= 197.9 kJ/kg 
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9-143 Exergy analysis is to be used to answer the question in Prob. 9-86. 


Analysis From Prob. 9-86, T x = 288 K, T 2s = 585.8 K, T 2 = 660.2 K, T 3 = 873.0 K, T 4s = 429.2 K, T 4 = 518.0 K, r p = 12. The 
exergy change of a flow stream between an inlet and exit state is given by 


A y/ = h e -h t -T 0 (s e -s t ) 


This is also the expression for reversible work. Application of this equation 
for isentropic and actual compression processes gives 


* 2 , ^1 ~ 


T 

C D 111 

p T, 


2.9 


R\n 


P 


585 8 K 

= (1.005 kJ/kg • K) In ' (0.287 kJ/kg • K) ln(12) 


288 K 


= 0.0003998 kJ/kg -K 



w rev, 1-2.9 - c p(?2s ^1 ) ^0 ( 5 2s s \ ) 

= (1.005 kJ/kg • K)(585.8 - 288)K - (288 K)(0.0003998 kJ/kg • K) = 299.2 kJ/kg 
T P 

s ? - 5 , =c n ln—-Rln — 
p T x P x 

= (1 .005 kJ/kg • K) In 660-2 K - (0.287 kJ/kg • K ) ln(12) = 0. 1 206 kJ/kg • K 

288 K 


w rev, 1-2 - c p(T -. 2 T x ) T Q (s 2 S x ) 

= (1.005 kJ/kg • K)(660.2 - 288)K - (288 KX0.1206 kJ/kg • K) = 339.3 kJ/kg 

The irreversibilities therefore increase the minimum work that must be supplied to the compressor by 

Ah W = 1-2 -w rev , 1 - 2.9 =339.3- 299.2 = 40.2kJ/kg 

Repeating the calculations for the turbine, 

T P 

s 3 ~s 4k = c n In— ^--Rln — 

J '+.9 P rp q 

1 4.9 r 4 

873 K 

= (1.005 kJ/kg • K) In (0.287 kJ/kg • K) ln(12) = 0.0003944 kJ/kg • K 

4 29 * 2K 

w rev, 3-4.9 “ C p (^3 _ ^4.9 ) _7 0 (**3 - ^4.9 ) 

= (1.005 kJ/kg • KX873 - 429.2)K - (288 K)(0.0003944 kJ/kg • K) = 445.9 kJ/kg 

T P 

s 3 - s A - c n In — - Rln — 
p T 4 P 4 

873 K 

= (1.005 kJ/kg • K)ln— (0.287 kJ/kg • K)ln(12) = -0.1885 kJ/kg • K 

5 18.0 K 


Wrev, 3-4 =C p (T 3 ~T 4 ) -T 0 (s 3 ~ S 4 ) 

= (1.005 kJ/kg • K)(873 - 5 18.0)K - (288 KX-0.1885 kJ/kg • K) = 41 1. 1 kJ/kg 
Aw rev,T = w ivv, 3 - 4 s ~ w rzv, 3-4 =445.9 — 41 1 . 1 = 34.8kJ/kg 
Hence, it is clear that the compressor is a little more sensitive to the irreversibilities than the turbine. 
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9-144 The total exergy destruction associated with the Bray ton cycle described in Prob. 9-107 and the exergy at the exhaust 
gases at the turbine exit are to be determined. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). 

Analysis From Prob. 9-107, q m = 480.82, q out = 372.73 kJ/kg, and 

T x =310 K > si = 1.73498 kJ/kg-K 

h 2 = 618.26 kJ/kg > s° 2 = 2.42763 kJ/kg-K 

T 3 = 1 150 K > s° 3 =3.12900 kJ/kg-K 

h 4 = 803.14 kJ/kg > s° 4 = 2.69407 kJ/kg • K 

h 5 = 738.43 kJ/kg > s 5 ° = 2.60815 kJ/kg • K 

and, from an energy balance on the heat exchanger, 

h 5 -h 2 = h 4 -h 6 >h 6 = 803. 14 -(738.43 -618.26) = 682.97 kJ/kg 

= 2.52861 kJ/kg-K 

Thus, 



•^destroyed,! 2 


-ToS g enX2-To{ s 2 S \)~^C 


s° 2 - sl - Rln 


P 


i J 


= (290 K)(2. 42763 - 1.73498 - (0.287 kJ/kg • K)ln(7)) = 38.91 kJ/kg 


r 


P 




- S3 - /?ln — 

V 


^destroy ed34 “ ^0‘ S gen34 ~~ ^0 ( 5 4 ^3 ) _ 

= (290 K)(2. 69407 - 3. 12900 - (0.287kJ/kg • K)ln(l/7))= 35.83 kJ/kg 

^destroyedj-egen = ^(Agenj-egen = ^0 i( S 5 ~ S 2 ) + (^6 “ ^4 )] = ^0 (^5 “ ^2 ) + ( V 6 “ ^4 ) 

= (290 K)(2.60815 - 2.42763 + 2.52861 - 2.69407) = 4.37 kJ/kg 


•^destroyed 3 3 gen 3 3 ^0 


S i S c 


4 r , 53 


T 


R 


= T r 


' p <? 0 ^ 

,y 3 ° - s ° 5 -K\n^ -liL 


V 


ft 


T 


H 


= (290 k( 3. 12900 - 2.60815 - 48(182 

1 1500 K 


= 58.09 kJ/kg 


•^destro y ed ,6 1 ^0 g en ,6 1 ^0 


■*1 “^6 + 


4 r , 61 


T 


R 


— Tr 


' P <* 0 Q N 

si ~ s° 6 - Rln— + ^ii 


v 


ft 


T 


L 


J 


= (290 k{ 1 .73498 - 2.52861 + 372 - 73kJ/k g 
1 290 K 


= 142.6 kJ/kg 


Noting that ho = h@ 290 k = 290. 16 kJ/kg and T 0 = 290 K > 53° = 1 . 66802 kJ/kg • K , the stream exergy at the exit of 

the regenerator (state 6) is determined from 


2 

</>6=( h 6- h o)- T o( s 6- s o) +X -Z- + SZ(f° 


where 


S 6 ~ S 0 = s 6~ s l = S 6~ S 1 ~ R]n 


P 


<fio 


= 2.52861-1.66802 = 0.86059 kJ/kg • K 


Thus, 


</> 6 = 682.97 - 290. 16- (290 KXo. 86059 kJ/kg • K) = 143.2 kJ/kg 
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9-145 



Prob. 9-144 is reconsidered. The effect of the cycle pressure on the total irreversibility for the cycle and the 


exergy of the exhaust gas leaving the regenerator is to be investigated. 
Analysis Using EES, the problem is solved as follows: 


"Given" 

T[1]=310 [K] 

P[1]=1 00 [kPa] 

Ratio_P=7 

P[2]=Ftatio_P*P[1] 

T[3]=1 1 50 [K] 
eta_C=0.75 
eta_T=0.82 
epsilon=0.65 
T_H=1500 [K] 

T0=290 [K] 

P0=100 [kPa] 

"Analysis for Problem 9-144" 
qjn=h[3]-h[5] 
q_out=h[6]-h[1] 
h[5]-h[2]=h[4]-h[6] 

s[2]=entropy(Fluid$, P=P[2], h=h[2]) 
s[4]=entropy(Fluid$, h=h[4], P=P[4]) 
s[5]=entropy(Fluid$, h=h[5], P=P[5]) 

P[5]=P[2] 

s[6]=entropy(Fluid$, h=h[6], P=P[6]) 

P[6]=P[1] 

h[0]=enthalpy(Fluid$, T=T0) 

s[0]=entropy(Fluid$, T=T0, P=P0) 

x_destroyed_1 2=T0*(s[2]-s[1 ]) 

x_destroyed_34=T0*(s[4]-s[3]) 

x_destroyed_regen=T0*(s[5]-s[2]+s[6]-s[4]) 

x_destroyed_53=T0*(s[3]-s[5]-q_in/TJH) 

x_destroyed_61=T0*(s[1]-s[6]+q_out/T0) 

x_total=x_destroyed_12+x_destroyed_34+x_destroyed_regen+x_destroyed_53+x_destroyed_61 
x6=h[6]-h[0]-T0*(s[6]-s[0]) "since state 0 and state 1 are identical" 

"Analysis for Problem 9-107" 

Fluid$='air' 

"(a)" 

h[1]=enthalpy(Fluid$, T=T[1 ]) 
s[1]=entropy(Fluid$, T=T[1], P=P[1]) 
s_s[2]=s[1] "isentropic compression" 
h_s[2]=enthalpy(Fluid$, P=P[2], s=s_s[2]) 
eta_C=(h_s[2]-h[1 ])/(h[2]-h[1 ]) 
h[3]=enthalpy(Fluid$, T=T[3]) 
s[3]=entropy(Fluid$, T=T[3], P=P[3]) 

P[3]=P[2] 

s_s[4]=s[3] "isentropic expansion" 
h_s[4]=enthalpy(Fluid$, P=P[4], s=s_s[4]) 

P[4]=P[1] 

eta_T= ( h [3] - h [4] )/( h [3] - h_s [4] ) 
q_regen=epsilon*(h[4]-h[2]) 

"(b)" 

w_C_in=(h[2]-h[1 ]) 
w_T_out=h[3]-h[4] 
w net out=w T out-w C in 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


9-121 


q_in=(h[3]-h[2])-q_regen 

eta_th=w_net_out/q_in 


Ratio_P 

^total 

[kJ/kgi 

x6 

[kJ/kfli 

6 

270.1 

137.2 

7 

280 

143.5 

8 

289.9 

149.6 

9 

299.5 

155.5 

10 

308.8 

161.1 

11 

317.8 

166.6 

12 

326.6 

171.9 

13 

335.1 

177.1 

14 

343.3 

182.1 
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9-146 The exergy destruction associated with each of the processes of the Brayton cycle described in Prob. 9-109 and the 
exergy at the end of the exhaust gases at the exit of the regenerator are to be determined. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). 

Analysis From Prob. 9-109, q m = 662.88 kJ/kg, q out = 397.80 kJ/kg, and 

r, =310 K >s 0 x = 1.73498 kJ/kg-K 

h 2 = 659.84 kJ/kg > s° 2 = 2.49364 kJ/kg • K 

T 3 = 1400 K > s° 3 = 3.36200 kJ/kg • K 

h 4 = 900.74 kJ/kg > si = 2.81216 kJ/kg • K 

h 5 = 852.54 kJ/kg > s° 5 = 2.75537 kJ/kg • K 

h 6 = 708.04 kJ/kg > = 2.56525 kJ/kg • K 

where 

q out = q m ~ Wnet = 662.88 - 265.08 = 397.80 kJ/kg 

h 6 = h { + q oui = 310.24 + 397.80 = 708.04 kJ/kg 

h 5 -h 2 = h 4 -h 6 -> h 5 - 659.84 = 900.74 - 708.04 -> h 5 = 852.54 

Thus, 


~To s °enl2 ~Toi s 2 s \)~^0 s 2 s l 


= (300 KX2.49364- 1.73498 - (0.287 kJ/kg • K)ln(9)) = 38.42 kJ/kg 

x destroyed34 = ^0 s genM = ^0 { s 4 ~ S 3 ) = ^0 ^4 _ ^3 _ 

V ^3 

= {300 KX2.81216- 3.36200- (0.287kJ/kg-K)ln(l/9)) = 24.23 kJ/kg 

•^destroyedj-egen — -^O^genjregen — ^0 [(^5 — ^2 ) ~*~ ( k ^6 — ^4 )] — ^0 (^5 — ^2 (^6 — ^4 ) 

= (300 K^2. 75537 - 2.49364+ 2.56525- 2.81216) = 4.47 kJ/kg 

$R,53 ^ J. o ^ q in 1 


-^destroyed 3 3 -^0^ gen ,5 3 ^0 $ 3 $ 5 


= T 0 s;-sl-R\n 


= (300 K)f 3. 36200 - 2.75537 - , 662 - 88 k]/k z) = 1416 kj/kg 
v 1 1260 K 


-^destroyed ,61 -^0^ gen ,61 ^0 k ^l ^6 + 


4r,61 


r n ° O ryl P\ 7oUt 

— 1 q S | — S — Kin H 


= (300 k{ 1 .73498 - 2.56525 + 397 - 80kJ/k g l = 148-7 kj/kg 
v 1 300 K 


Noting that at T 0 = 300 K -> h 0 = h@ 30 o k = 300.19 kJ/kg and Sq =1.70203 kJ/kg • K 
the stream exergy at the exit of the regenerator (state 6) is determined from 

2 

06=( h 6-fy))- T o( s 6- s o) + Y- +gZ(?° 

p <?0 

where s 6 - s 0 = s° 6 - s° 0 - Mn-^ = 2.56525- 1.70203 = 0.86322 kJ/kg • K 

P\ 

Thus, (f) 6 = 708.04 - 300. 19 - (300 KXo. 86322 kJ/kg • K) = 148.9 kJ/kg 
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9-147 The exergy loss of each process for a regenerative Bray ton cycle with three stages of reheating and intercooling 
described in Prob. 9-125 is to be determined. 

Analysis From Prob. 9-125, 

Fp 4, C[ in,7-8 ^in,9-10 ^7in, 11-12 300 kJ/kg, 

^out,i4-i 222.0 kJ/kg, ^out,2-3 ^out,4-5 141.6 kJ/kg, 

T { = T 3 = T 5 = 290 K , P 2 = P 4 = P 6 = 430.9 K 

P 7 = 499.2 K, P 8 = 797.7 K, P 9 = 536.8 K 
T 10 = 835.3 K, T n = 562.1 K, P 12 =860.6 K, 

P 13 = 579.2 K, P 14 = 510.9 K 

The exergy destruction during a process of a stream from an inlet state to exit state is given by 



•^dest -^O^gen ^0 


s e~ s i 


Vi 


in 


^out 


T T 

1 source L sink J 


Application of this equation for each process of the cycle gives 


•^dest,l-2 -^dest, 3-4 -^dest,5-6 ^0 

= (290) 


p 

c p In — — Pin 


p 


P 




430.9 

(1.005)ln (0.287) ln(4) 


290 


i 7 

= 0.03kJ/kg«0 


X dest,7-8 ~~ ^0 


c p In — - Rln — - 


v T i 


P T 

1 1 1 source J 


= (290) 


(1.005)ln^-0- 300 


499.2 


860.6 


= 35.5 kJ/kg 


x dest,9-10 “^0 


p 


c„\n — ^ - Rln — - 


Pg #in,9-10 


'P 


V 


77 


p p 

1 1 1 source 7 


= (290) 


(i.oo5)in^2-o- 300 


536.8 


860.6 


= 27.8kJ/kg 


•^dest.l 1-12 “ ^0 


. r i2 . T’jt (7in,l H2 ^ 
In — ^ - Mn — — 


v T'n 


p p 

2 1 1 -* source / 


= (290) 


(1.005,ln^-0- 300 


562.1 


860.6 


= 23.1kJ/kg 


-*dest,8-9 — ^0 


Tg P q 
c „ In — - Pin — 


7 


p 


T* 


R 


= (290) 


X dest, 10-11 “ T () 


x dest,12-13 “^0 


8 7 

P 


(1.005)ln^^ - (0.287) l/ 1 ^ 


797.7 


v^y 


p 

c _ In - Pin 

V P ?io Pi 


p n p 
c„ln^--Pln 


li 


p 


R 


12 


P 


3 

_ , 562.1 _ , 

( lY 

II 

so 

o 

(1.005)ln (0.287) In 


J 

835.3 

v 4 J_ 


_ , 579.2 „ 0 , 

fi v 

II 

K> 

SO 

O 

(1.005)ln (0.287) In 


J 

860.6 

v 4 J. 


= -0.06kJ/kg^0 


= -0.07kJ/kg*0 


= -0.03kJ/kg^0 


X dest,14-1 “Pq 


i -^1 r,i Pi ^out,141 

c „ In— 1 --Pin— 1 - + : — 


P t 
\ i 14 


P 


14 


^sink y 


= (290) 


290 222.0 

(1.005)ln — 0 + 


510.9 


290 


= 57.0kJ/kg 


-^dest,2-3 -^dest,4-5 -^C 


R 


c n In Pin — + 


P 3 9 r out,2-3 


P 


R 


P 2 Psink 7 


= (290) 


(1.005)ln-^^ — 0 + 


430.9 


290 


= 26.2kJ/kg 


r 


X dest,regen “ ^0 (^6-7 + ^ S \ 3-14 ) - ^0 

= (290) 


P 


c _ In — + c _ In 

V 7 ^6 7 ^137 


P 




14 


„ 499.2 „ 510.9 

(1.005)ln h (1.005)ln 


430.9 


579.2 


= 6.30kJ/kg 
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9-148 A gas-turbine plant operates on the regenerative Bray ton cycle. The isentropic efficiency of the compressor, the 
effectiveness of the regenerator, the air-fuel ratio in the combustion chamber, the net power output, the back work ratio, the 
thermal efficiency, the second law efficiency, the exergy efficiencies of the compressor, the turbine, and the regenerator, and 
the rate of the exergy of the combustion gases at the regenerator exit are to be determined. 


Assumptions 1 The air- standard assumptions are 
applicable. 2 Kinetic and potential energy changes 
are negligible. 3 Air is an ideal gas with constant 
specific heats. 

Properties The properties of air at 500°C = 773 K 
are c p = 1.093 kJ/kg-K, c v = 0.806 kJ/kg-K, R = 
0.287 kJ/kg-K, and k = 1.357 (Table A-2b). 

Analysis (a) For the compressor and the turbine: 



= Ti 


r p ^ 

\ p \j 


k-l 

k 


= (303 K 


700 kPa' 
100kPa y 


1.357-1 

1.357 


= 505.6 K 


T 2s -T x _ (505.6 -303)K _ 0 8g1 
T 2 -T x (533 - 303)K 


Regenerator 



T*s - ^3 


^ p ^ 

f_4 

V P 3 J 


(k-l)/k 


= (1144 k{ 


100 kPa 


700 kPa 


(1. 357-1)71.357 


= 685.6 K 


ri T = 


T 3 -T 4 


T3 t 4s 


■>0.85 = 


(1144-r 4 )K 


(1144- 685. 6)K 


■>r 4 = 754.4 k 


( b ) The effectiveness of the regenerator is 

T 5 -T 2 (673 -533)K _ 

^ regen = “ = = 0.632 

ie & en _ (7544 _533)K 


(c) The fuel rate and air-fuel ratio are 

2in = rh f<hiV r lc =(™f +™a) c p ( T 3 " T 5 ) 

m f (42,000 kJ/kg)(0.97) = (m f +12.6)(1.093kJ/kg.K)(1144-673)K >m f =0.1613 kg/s 


AF = 





12.6 

0.1613 


78.14 


Also, 

m = m a +riif =12.6 + 0.1613 = 12.76 kg/s 

Gin = m/^Hv^c = (0.1613 kg/s)(42,000 kJ/kg)(0. 97) = 6570 kW 

(d) The net power and the back work ratio are 

Wc,in =<c p (T 2 — T\) = (12.6 kg/s)(l .093 kJ/kg.K)(533 - 303)K = 3 168 kW 

W T out = rhc p (T 3 ~T 4 ) = (12.76 kg/s)( 1.093 kJ/kg.K)(l 144 - 754.4)K = 5434 kW 
W net =Aout-Wfc,in =5434 - 3168 = 2267 kW 

r b =2^ = 11^=0.583 

Aout 5434 kW 

(e) The thermal efficiency is 
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W, 

Rth =“: 


net 


Gin 


2267 kW 
6570 kW 


0.345 


(/) The second-law efficieny of the cycle is defined as the ratio of actual thermal efficiency to the maximum possible thermal 
efficiency (Carnot efficiency). The maximum temperature for the cycle can be taken to be the turbine inlet temperature. That 

is, 


T x 303 K 

T 3 ~ 1144 K 


0.735 


and 


^=O345 = 0 4 69 
0.735 

(g) The exergy efficiency for the compressor is defined as the ratio of stream exergy difference between the inlet and exit of 
the compressor to the actual power input: 


c p{P 2 P \ ) T, 


T 

c _ In — - R In 
1 Z 


h 

R 


*■ 


f 533^| 


f 700) 


(1.093)(533 -303)- (303) 

(1.093)ln 

-0.287 In 



^303 J 


o 



AX C =m a [h 2 -h x -T 0 (s 2 -s l )\ = m a 

= ( 12 . 6 ). 

= 2943 kW 

AX C 2943 kW n nnn 

77 n r = — = = 0.929 

W c , in 3168kW 

The exergy efficiency for the turbine is defined as the ratio of actual turbine power to the stream exergy difference between 
the inlet and exit of the turbine: 


AX y — mi 


c (t 3 -T 4 )-T c 


c p In 




R In 


A 


T 4 Pa 


*■ 


r 1 144 A 

f 700 

(1.093)(1 144 -754.4)- (303) 

(1.093)ln 

0.287 In 


L754.4J 

0 

0 


= (12.76) 

= 5834 kW 

Wr, in 5434 kW n OQO 

Rut = : — = = 0.932 

’ AX T 5834 kW 

An energy balance on the regenerator gives 

™ a c p ( T 5 ~ T i) = mc p (T 4 -T 6 ) 

(12.6X1.093X673-533) = (12.76)(1.093)(754.4-r 6 ) >T 6 = 616.2 K 

The exergy efficiency for the regenerator is defined as the ratio of the exergy increase of the cold fluid to the exergy 
decrease of the hot fluid: 


AX 


regen ,hot 


= mi 


C p (Pa P 6 ) Pq 


T 

C D 111 

p j. 


A 


0 


= (12.76) 

= 1073 kW 


(1.093)(754.4 -616.2)- (303) 


(1.093)ln 


754.4 

616.2 




-0 
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AX 


regen, co Id 


= mi 


c p (t 5 ~T 2 )-T c 


n 

c In 0 

p To 


= (12.76) 


(1.093)(673 -533)- (303) 



f 673 


(1.093)ln 

-0 


X533 J 



= 954.8 kW 
AX regenJl0t 1073 kW 

The exergy of the combustion gases at the regenerator exit: 


X 6 = mi 


c p {T 6 -T Q )-T c 


c In — — 0 
P T 0 


(1.093)(616.2 -303)- (303) 

CO 

Os 

p 

i-H 

1 

f 616.2^1 

-0 

l 303 J 

1 




= 1351kW 
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9-149 A modern compression ignition engine operates on the ideal dual cycle. The maximum temperature in the cycle, the 
net work output, the thermal efficiency, the mean effective pressure, the net power output, the second -law efficiency of the 
cycle, and the rate of exergy of the exhaust gases are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at 1000 K are c p = 1.142 kJ/kg-K, = 0.855 kJ/kg-K, R = 0.287 kJ/kg-K, and k = 1.336 
(Table A-2b). 


Analysis (a) The clearance volume and the total volume of the engine at the beginning of compression process (state 1) are 


r = 


v c +v d 


V 


_ V c + 0.0018 m 
a16 = — 


V 


+ 1/ c = 0.00012 m J = </ 2 = i/ x 


= </ c + V d = 0.00012 + 0.0018 = 0.00192 m 3 = </ 4 
Process 1-2: Isentropic compression 


t 2 =t x 


P 2 =P1 


f ^ 

V, 


k - 1 


V V 2 J 


= (343 K)(16)‘ 3361 =870.7 K 


\ V 2J 


= (95 kPaXl6) 1336 = 3859 kPa 


Process 2-x and x-3: Constant- volume and constant 
pressure heat addition processes: 

7 x =T 2 — = (870.7 K) 7500 kPa = 1692 K 


P, 


3859 kPa 


P 



q 2 . x =c v {T x -T 2 ) = (0. 855 kJ/kg.KX1692 - 870.7 )K = 702.6 kJ/kg 


(b) 


q 2 _ x = q x -i = c p (T 3 -T x ) >702.6 kJ/kg = (0.855 kJ/kg. K)(7 3 -1692)K >7' 3 =2308K 

q in = Qi-x + Qx -3 = 702.6 + 702.6 = 1405 kJ/kg 


To a 2308 K 

i / 3 =Kz 1 = (0.00012 m 3 ) = 0.0001636 m 3 


r 


Process 3-4: isentropic expansion. 


t 4 =t 3 


1692 K 


P 4 =P 3 



*-* , 

= (2308K| ■ 


A, 

= (7500kPaf 


0.0001636 m 
0.00192m 3 


3 x 1.3361 


= 1009 K 


0.0001636 m 
0.00192m 3 


3 \1 .336 


= 279.4 kPa 


Process 4-1: constant voume heat rejection. 

<? out = (r 4 -T x )= (o. 855 kJ/kg • KXl009 - 343)K = 569.3 kJ/kg 

The net work output and the thermal efficiency are 

w net,out = ?in “ 9out = 1405 ~ 569.3 = 835.8kJ/kg 

= = 835 .8 kJ/kg = 0 5948 = 5 g_ 5 o /o 

q m 1405 kJ/kg 

(c) The mean effective pressure is determined to be 
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P X V X _ (95 kPa)(0. 00192 nr ) 

RT X (o. 287 kPa • m 3 /kg • k)(343 k) 


= 0.001853kg 


MEP = 


mw net,out (0.001853 kg)(835.8kJ/kg) ( kPa • m 




(0.00192 -0.00012)m 


= 860.4kPa 


(d) The power for engine speed of 3500 rpm is 

- (0.001853 kg X 835.8 kj/kg) [']=']. 28.39kW 

2 (2rev/cycle) y 60s y 

Note that there are two revolutions in one cycle in four-stroke engines. 

(< e ) The second-law efficieny of the cycle is defined as the ratio of actual thermal efficiency to the maximum possible thermal 
efficiency (Carnot efficiency). We take the dead state temperature and pressure to be 25°C and 100 kPa. 


77 = 1 — — = 1 — 

'/max 1 rr x 


(25 + 273) K 
2308 K 


= 0.8709 


7 U = = 2^1^ = 0.683 = 68.3% 

^7 max 0.8709 

The rate of exergy of the exhaust gases is determined as follows 


1 /, = 


</ 4 _ 0.00192 m 3 
m 0.001853 kg 


= 1.036 m7kg 


l/n = 


= Si . ^VkPaW/kg.K^K) = 0 . 8553 m 3 /kg 


100 kPa 


u 0 +^ o (^4 V 0 ) ^ 0^4 , s o ) _c «/(^4 T 0 )+ P Q ( V 4 ^ 0 ) To c p^ n 7j7~ ^ 

^ 0 M) _ 


= (0.855)(l009 - 298)+ (100 kPa)(l .036 - 0. 8533)m 3 /kg 

1 009 279 4 

- (298 K) (1.142 kJ/kg. K)ln (0.287 kJ/kg.K) In 

298 100 

= 303.3 kJ/kg 


X, , mx t " - (0.001853 kg)(303.3 kJ/kg) 22 <” f*) 1=1 = 10.30kW 
2 (2rev/cycle) y 60s y 
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Review Problems 


9-150 A Carnot cycle executed in a closed system uses air as the working fluid. The net work output per cycle is to be 
determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). 

Analysis (a) The maximum temperature is determined from 




T 


L 


T 


■» 0.60 = 1 


300 K 


H 


T 


-> T h = 750 K 


H 


<Po p 7Q0 

s 2 ~s { = s° 2 - s° { - R\n — = -(0.287 kJ/kg • K)ln 


P 

= 0.1204 kJ/kg-K 


1000 kPa 



W net =m(s 2 -s l \T H -T l ) 

= (0.0025 kg)(0. 1024 kJ/kg • KX750 - 300)K 

= 0.115 kj 
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9-151 The four processes of an air-standard cycle are described. The cycle is to be shown on P- i/and T-s diagrams, and the 
net work output and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 


Properties The properties of air are given in Table A- 17. 

Analysis (b) We treat air as an ideal gas with variable specific heats, 


T x = 300 K 


P 2 V2 _ 
t 2 t x 


> u x = 214.07 kJ/kg 
h x =300. 19 kJ/kg 



h 

p 


Tx = 


f 300 kPa^| 
v 100 kPa y 


(300 K) 


= 900 K > u 2 = 674.58 kJ/kg 

h 2 =932.93 kJ/kg 


T 3 = 1300 K 



Pa 


A 


A. 


-> u 3 =1022.82 kJ/kg 
h 3 = 1395.97 kJ/kg, P r3 


( 


100 kPa 
300 kPa 


(330.9)= 110.3 


330.9 


>h A =1036.46 kJ/kg 

4in =^12tn +^23jn = ( u 2 ~ u l)+( h 3 ~ h l) 

= (674.58- 214.07)+ (1395.97 -932.93) 
= 923.55 kJ/kg 


q oui = h 4 - h x = 1036.46-300.19 = 736.27 kJ/kg 


w net = tf'm ~ ^out = 923.55 - 736.27 = 187.28 kJ/kg 




(c) 


7th 


w HL= 187.28 k J/ kg =20% 
q m 923.55kJ/kg 
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9-152 All four processes of an air-standard cycle are described. The cycle is to be shown on P-v and T-s diagrams, and the 
net work output and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K, = 0.718 kJ/kg-K, and k = 1.4 (Table A- 

2). 


Analysis ( b ) Process 3-4 is isentropic: 


T 4 = T 3 


' Pa ' 


K p 3j 




= (1300k(1 


n 0.4/1 .4 


= 949.8 K 


P 2 ^2 P\ v \ 


T 


r, 


p ? 

+ t 2 = ^-t { = 

p 


^300 kPa^ 


(300 K) = 900 K 


(c) 


100 kPa 

i x v y 

7,n =9l2jn +?23in = («2 “ «1 )+ ( h 3 ~ h 2 ) = C v i T 2 ~ T l)+ C p( T 3 -E) 

= (0.71 8 kJ/kg • k)( 900 - 300)K + (l .005 kJ/kg • KXl 300 - 900 )K 
= 832.8 kJ/kg 

q 0M =h 4 -h x =c p {T 4 -7i)= (l.005 kJ/kg - K)(949. 8-300 )K 
= 653 kJ/kg 

w net - 9m _ 9 0 ut = 832.8 - 653 = 179.8 kJ/kg 

w net 179.8 kJ/kg 
rj th = = = 21.6% 


q m 832.8 kJ/kg 



> v 
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9-153 An Otto cycle with a compression ratio of 10.5 is considered. The thermal efficiency is to be determined using 
constant and variable specific heats. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are R = 0.287 kPa m /kg-K, c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, 
and k = 1.4 (Table A-2a). 

Analysis (a) Constant specific heats: 


*7th =1 “ 


1 


k - 1 


= 1 - 


1 


■1 .4-1 


= 0.6096 = 61 . 0 % 


r - 10.5 

(b) Variable specific heats: (using air properties from Table A- 17) 
Process 1-2: isentropic compression. 

u { = 219.82 kJ/kg 


7j =308 K 


«/ rl =581.8 



</ 2 1 1 

U r2 = {/ rl = ~ = 

{/, r 10.5 


(581.8) = 55.41 >u 2 =560.55 kJ/kg 


Process 2-3: (/= constant heat addition. 


ii 2 =998.51 kJ/kg 

T, =1273 K > 

t/ r3 =12.045 

q in =u 3 -u 2 =998.51 -560.55 = 437.96 kJ/kg 
Process 3-4: isentropic expansion. 

(/ r4 = — «/ r3 =rv r3 = (10.5)(12.045) = 126.5 >u 4 =405.11kJ/kg 

i / 3 

Process 4-1: i/= constant heat rejection. 

q out = u 4 -u x =405.11- 219.82 = 185.29 kJ/kg 

rj = 185 - 29kJ/k § =0,5769 = 57 . 7 % 

q in 437.96 kJ/kg 
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9-154E An ideal diesel engine with air as the working fluid has a compression ratio of 20. The thermal efficiency is to be 
determined using constant and variable specific heats. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbmR, c„ = 0.171 Btu/lbmR, R = 0.06855 
Btu/lbm R, and k = 1.4 (Table A-2Ea). 

Analysis ( a ) Constant specific heats: 

Process 1-2: isentropic compression. 


T 2 = T l 


"(/A -1 


= (505 R)(20) a4 = 1673.8 R 


Process 2-3: P = constant heat addition. 


^ 3^3 ^ 2^2 


14 T, 


2260 R 


T , 


T \ 


3 2 2 2 

Process 3-4: isentropic expansion. 


14 To 1673. 8 R 


= 1.350 



r 4 =r 3 


v^4 y 


= 7; 


' 1.35014^* 1 


14 


= r. 


0 . 350 ^* 1 


= (2260 R) 


1.350 

20 


0.4 


= 768.8 R 


q. n =h 3 -h 2 =c p (T 3 -r 2 )=(0.240Btu/lbm-RX2260-1673.8)R = 140.7 Btu/lbm 
q oui = u 4 - u x =c„(t 4 -T 1 ) = (0. 171 Btu/lbm- R)(768. 8- 505)R = 45.1 1 Btu/lbm 
^net,out = *7 in “ ^out = 140 - 7 - 45 . 1 1 = 95.59 Btu/lbm 
^net,out 95.59 Btu/lbm 


7th = 




in 


140.7 Btu/lbm 


= 0.6794 = 67.9% 


(Z?) Variable specific heats: (using air properties from Table A- 17) 
Process 1-2: isentropic compression. 

u x =86.06 Btu/lbm 


7j =505 R 


</ rl =170.82 


(A 


v r2 = 


l/i 


20 


t/ rl =-«/ rl = — (170.82) = 8.541 


T 2 = 1582.3 R 
h 2 =391.01 Btu/lbm 


Process 2-3: P = constant heat addition. 


^3^3 


^2 l/ 2 


(/, 77 2260 R 


^3 T 2 


T 3 = 2260 R 


To 1582.3 R 


/r 3 =577.52 Btu/lbm 
i/ r3 = 2.922 


= 1.428 


q . m =h 3 -h 2 =577.52 -391.01 = 186.51 Btu/lbm 
Process 3-4: isentropic expansion. 


v 


v 


20 


<4-4 = 


V. 


v r3 = 


1.428«/ 2 


t / r3 = 


1.428 


<43 = 


1.428 


(2.922) = 40.92 > w 4 = 152.65 Btu/lbm 


Process 4-1: v = constant heat rejection. 

9out“ w 4 _M i =152.65 -86.06 = 66.59 Btu/lbm 


Then 


.1-^,1- 66 - 59Bt " /lbm =06430 . 64 . 3% 


Vi 


in 


186.51 Btu/lbm 
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9-155E A simple ideal Brayton cycle with air as the working fluid operates between the specified temperature limits. The net 
work is to be determined using constant and variable specific heats. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm- R and k = 1.4 (Table A-2Ea). 


Analysis {a) Constant specific heats: 

T 2 =T t r ( p k ~' )lk = (480 R)(12)°' 4/1 4 = 976.3 R 


T 4 =7 3 




\ r p j 


= (1460 R) 


r ^ ^ 0 . 4 / 1 .4 

vl2y 


= 717.8 R 


^net ^turb ^comp 

= c p (T,-T A )-c p {T 2 -T l ) 

- c p (^3 - ^4 + ^1 ~ T 2 ) 

= (0.240 Btu/lbm- R)(1460 - 717.8 + 480 - 976.3)R 

= 59.0Btu/lbm 



( b ) Variable specific heats: (using air properties from Table A-17E) 

h x =114.69 Btu/lbm 

T, = 480 R > 1 

1 P rl =0.9182 



= (12)(0.9182) = 11.02 

^ l 


» h 2 = 233.63 Btu/lbm 


/r 3 =358.63 Btu/lbm 

T 3 =1460R > 3 

3 P r3 =50.40 



^3 



v 12 J 


(50.40) = 4.12 



176.32 Btu/lbm 


^net ^turb ^comp 

= (h 3 -h 4 )-(h 2 -h l ) 

= (358.63 - 176.32) - (233.63 - 1 14.69) 

= 63.4 Btu/lbm 
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9-156 A turbocharged four-stroke V-16 diesel engine produces 4400 hp at 1500 rpm. The amount of work produced per 
cylinder per mechanical and per thermodynamic cycle is to be determined. 

Analysis Noting that there are 16 cylinders and each thermodynamic cycle corresponds to 2 mechanical cycles (revolutions), 
we have 

(a) 


w 


mechanical 


T otal power produced 

(No. of cylinders)(No. of mechanical cycles) 


4400 hp 42.41 Btu/min 

(16 cylinders) (1500 re v/min) lhp 

= 7.78Btu/cyl mech cycle (= 7.37 kJ/cyl- mech cycle) 


(b) 


W th ermo d y n ani c 


Total power produced 

(No. of cylinders)(No. of thermodynamic cycles) 


4400 hp 42.41 Btu/min 

(16 cylinders)( 1500/2 rev/min) ^ lhp y 
= 1 5.55Btu/cyl therm cycle (= 14.74 kJ/cyl therm cycle) 


9-157 A simple ideal Brayton cycle operating between the specified temperature limits is considered. The pressure ratio for 
which the compressor and the turbine exit temperature of air are equal is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The specific heat ratio of air is k =1.4 (Table A-2). 

Analysis We treat air as an ideal gas with constant specific heats. Using the isentropic relations, the temperatures at the 
compressor and turbine exit can be expressed as 



Therefore, the compressor and turbine exit temperatures will be equal when the compression ratio is 16.7. 
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9-158 A spark-ignition engine operates on an ideal Otto cycle with a compression ratio of 11. The maximum temperature 
and pressure in the cycle, the net work per cycle and per cylinder, the thermal efficiency, the mean effective pressure, and 
the power output for a specified engine speed are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). 

Analysis (a) First the mass in one cylinder is determined as follows 


r — 


Vc+Vd 


V 


->11 = 


1 / +(0.0018)/ 4 

V 


->(/ c = 0.000045 m 3 for one cylinder 


V x = 1/ + V d = 0.000045 + 0.00045 = 0.000495 m 


m = 


m 


(90 kPa)(0. 000495 m 3 ) 


RT X (0.287 kPa • m 3 /kg • K (323 K) 


= 0.0004805 kg 


For this problem, we use the properties from EES software. Remember that for an ideal gas, enthalpy is a function of 
temperature only whereas entropy is functions of both temperature and pressure. 


Process 1-2: Isentropic compression 


T x =50°C = 323K 
T x = 50°C = 323K 
P x =90 kPa 




->«! =230.88 kJ/kg 
= 5.8100 kJ/kg-K 


_V X 0.000495 m 3 
Vl ~ m ~ 0.0004805 kg 

l / 2 = 1 / = 0.000045 m 3 

V 2 _ 0.000045 m 3 
0.0004805 kg 


1.0302 m 3 /kg 


0.09364 m 3 /kg 


$2 =5! = 5.8100 kJ/kg.K' 
«/ 2 = 0.09364 m 3 /kg 



= 807.3 K 



T 2 = 807.3 K >u 2 =598.33 kJ/kg 


P 2 =P { 


Yxji 
V T t 


= (90 kPa) 


+. 000495 nr° 

f 807.3K 3 ! 

v 0. 000045 m 3 . 

1 323 K J 


= 2474 kPa 


Process 2-3: constant volume heat addition 


Q m = m(u 3 -u 2 ) >1.5 kJ = (0.0004805 kg)(w 3 -598.33)kJ/kg >u 3 =3719.8kJ/kg 


u 2 =598.33 kJ/kg >T 3 =4037K 


^ 3=^2 


f rj, \ 

zl 

\ T 2J 


= (2474 kPa) 


4037 K 
807.3 K 


A 


= 12,375kPa 


T 3 = 4037 K 
P 3 = 12,375 kPa 


=7.3218 kJ/kg-K 


( b ) Process 3-4: isentropic expansion. 
= s 3 =7.3218 kJ/kg.K 


t /4 =v x = 1.0302 m 3 /kg 


T 4 = 2028 K 
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T 4 = 2028 K 


P 4 =P 3 


(A T , 


>u 4 =1703.6 kJ/kg 

A 1 Y 2028 K 


(/ 4 t 3 


= (12,375 kPa) 


v 11 A 


\ 


4037 K 


= 565 kPa 


J 


Process 4-1: constant voume heat rejection 

Qout = ™{u 4 — m, ) = (0.0004805 kg)(l 703.6 - 230.88)kJ/kg = 0.7077 kJ 
The net work output and the thermal efficiency are 

'Y.CI.OU! = Gin - Gout = 1-5 - 0.7077 = 0.792kJ (per cycle per cylinder) 


Wnet,out 0.792 kJ n _ OQ 
7 th = = = 0.528 


Gin 1.5 kJ 
(c) The mean effective pressure is determined to be 


MEP = 


W, 


net,out 


0.7923 kJ 


f 


V\ ~ ^2 (0.000495 - 0.000045)m 3 


kPa • m 3 
kJ 


1761kPa 


(d) The power for engine speed of 3000 rpm is 

h 


^net ^cyl^net 


= (4 cylinder)(0.792kJ/cylinder - cycle) 


n 


rev 


(3000 rev/min) ( 1 min 
(2rev/cycle) y 60s 




= 79.2kW 


J 


Note that there are two revolutions in one cycle in four-stroke engines. 
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9-159 A four-cylinder spark-ignition engine with a compression ratio of 8 is considered. The amount of heat supplied 
per cylinder, the thermal efficiency, and the rpm for a net power output of 60 kW are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). The properties of air are given in Table A- 17. 

Analysis (a) Process 1-2: isentropic compression. 

T x =310 K >u x =221.25 kJ/kg 

i/, =572.3 


</, = — </,. = -</,. =—(572.3) = 54.50 
/2 i/i /] r '■ 10.5 V ' 


>u 2 =564.29 kJ/kg 

Process 2-3: (/= constant heat addition. 

T 3 = 2100 K > u 3 = 1775.3 kJ/kg 

i/ =2.356 



i/ 


m = 


m 


(98 kPa) 0.0004 m , , 

— - = 4.406x10 kg 

RT y (0.287 kPa -m 7kg -Kj(3 10 K) 


Q m =m(u 3 ~u 2 )= (4.406x 10 -4 kg(l775.3- 564. 29)kJ/kg = 0. 5336 kJ 
(b) Process 3-4: isentropic expansion. 

v r = — v r => v r =(10.5)(2.356) = 24.74 > u 4 =764.05 kJ/kg 


Process 4-1: </= constant heat rejection. 

gout = «i)= (4.406 xio 4 kg)(764.05-221.25)kJ/kg = 0.2392 kJ 
W aet = Q m - g out = 0.5336 - 0.2392 = 0.2944 kJ 


(c) 


nth = 


n = 2 


W^ = 02944 kJ =0 . 5517 = 55 . 2 o /o 


Qin 


w. 


net 


^cyl^net,cyl 


0.5336 kJ 
— = (2 rev/cycle) 


45 kJ/s 


4 x (0.2944 kJ/cycle) 


' 60s ^ 

1 min 


= 4586 rpm 


Note that for four-stroke cycles, there are two revolutions per cycle. 
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9-160 



Problem 9-159 is reconsidered. The effect of the compression ratio net work done and the efficiency of the 


cycle is to be investigated. Also, the T-s and P-v diagrams for the cycle are to be plotted. 
Analysis Using EES, the problem is solved as follows: 


"Input Data" 

T[1]=(37+273) [K] 

P[1]=98 [kPa] 

T[3]= 2100 [K] 

V_cyl=0.4 [L]*Convert(L, m A 3) 
r_v=10.5 "Compression ratio" 

W_dot_net = 45 [kW] 

N_cyl=4 "number of cyclinders" 
v[1 ]/v[2]=r_v 

"The first part of the solution is done per unit mass." 

"Process 1 -2 is isentropic compression" 
s[1 ]=entropy(air,T=T[1 ],P=P[1 ]) 
s[2]=s[1] 

s[2]=entropy(air, T=T[2], v=v[2]) 

P[2]*v[2]/T[2]=P[1 ]*v[1 ]/T[1 ] 

P[1]*v[1]=R*T[1] 

R=0.287 [kJ/kg-K] 

"Conservation of energy for process 1 to 2: no heat transfer (s=const.) with work input" 
win = DELTAu_12 

DELTAu_12=intenergy(air,T=T[2])-intenergy(air,T=T[1]) 

"Process 2-3 is constant volume heat addition" 
s[3]=entropy(air, T=T[3], P=P[3]) 

{P[3]*v[3]/T[3]=P[2]*v[2]/T[2]} 

P[3]*v[3]=R*T[3] 

v[3]=v[2] 

"Conservation of energy for process 2 to 3: the work is zero for v=const, heat is added" 
qjn = DELTAu_23 

DELTAu_23=intenergy(air,T=T[3])-intenergy(air,T=T[2]) 

"Process 3-4 is isentropic expansion" 

s[4]=entropy(air,T=T[4],P=P[4]) 

s[4]=s[3] 

P[4]*v[4]/T[4]=P[3]*v[3]/T[3] 

{P[4]*v[4]=R*T[4]} 

"Conservation of energy for process 3 to 4: no heat transfer (s=const) with work output" 

- w_out = DELTAu_34 

DELTAu_34=intenergy(air,T=T[4])-intenergy(air,T=T[3]) 

"Process 4-1 is constant volume heat rejection" 
v[4]=v[1] 

"Conservation of energy for process 2 to 3: the work is zero for v=const; heat is rejected" 

- q_out = DELTAu_41 

DELTAu_41=intenergy(air,T=T[1])-intenergy(air,T=T[4]) 
w_net = w_out - wjn 

Eta_th=w_net/q_in*Convert(, %) "Thermal efficiency, in percent" 

"The mass contained in each cylinder is found from the volume of the cylinder:" 

V_cyl=m*v[1] 

"The net work done per cycle is:" 

W_dot_net=m*w_net"kJ/cyl"*N_cyl*N_dot"mechanical cycles/min"*1 "min"/60"s"*1 "thermal cycle"/2"mechanical 
cycles" 
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r v 

11th 

[%1 

Wnet 

[kJ/kg] 

5 

42 

568.3 

6 

45.55 

601.9 

7 

48.39 

625.7 

8 

50.74 

642.9 

9 

52.73 

655.5 

10 

54.44 

664.6 

11 

55.94 

671.2 



Air Otto Cycle T-s Diagram 
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9-161 The compression ratio required for an ideal Otto cycle to produce certain amount of work when consuming a given 
amount of fuel is to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 4 The combustion efficiency is 100 percent. 


Properties The properties of air at room temperature are k = 1.4 (Table A-2). 
Analysis The heat input to the cycle for 0.039 grams of fuel consumption is 

Gin = "WitfHY = (0-039 X 10 3 kg)(43,000 kJ/kg) = 1 .677 kJ 
The thermal efficiency is then 


W n et_ IkJ 

Q m 1.677 kJ 


0.5963 



From the definition of thermal efficiency, we obtain the required compression ratio to be 


nth =i- 


(1 - r JlU ) 


i/(*-d 


(1-0.5963) 


1/(1. 4-1) 


= 9.66 
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9-162E An ideal dual cycle with air as the working fluid with a compression ratio of 12 is considered. The thermal 
efficiency of the cycle is to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm.R, =0.171 Btu/lbm.R, and k = 1.4 (Table 
A-2E). 

Analysis The mass of air is 

m = M = , (14.7 psia)(98/l 728 ft 3 ) = 


RT X (0.3704 psia • ft 3 /lbm- Rj(580 R) 
Process 1-2: isentropic compression. 


t 2 =t, 


V^2 J 


= (580 R)(l4)°- 4 = 1667 R 


Process 2-x: v = constant heat addition, 

22-*, in = m ( u x - u 2 ) = fnc u ( T X - T 2 ) 

0.6 Btu = (0.00388 llbm)(0. 171 Btu/lbm- R)(r x -1667)R 
Process x-3: P = constant heat addition. 

Qx- 3, in = m ( h 3 ~ h x) = mC p ( T 3 ~ T x ) 

1. 1 Btu = (0.003881 lbmXo. 240 Btu/lbm- R)(t 3 - 257 l)R 

p 3^3 p x V x T 3 3752 R i ^ Cn 

— — — = — — — > r. = — = — = = 1.459 



■» T x = 2571 R 


A 7; =3752 R 


7; 


r. 


(/ T 2571 R 


Process 3-4: isentropic expansion. 


T 4 = T 3 


f 14 ^ 




= T, 


r \A5W^ k 1 

V ^4 , 


= T, 


1.459 




= (3752 R 


V r J 


1.459 

14 


\ 0.4 


= 1519 R 


Process 4-1: i/= constant heat rejection. 

2 out = m ( u 4 - Ml ) = mc v ( T 4 - T\ ) 

= (0.003881 lbmXo. 171 Btu/lbm- R)(l 5 19 - 580 )R = 0.6229 Btu 


_ 1 _ 2 out _ . 

nth Q 

^in 


0.6229 Btu 
1.7 Btu 


= 0.6336 = 63 . 4 % 


out 


1/ 
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9-163 An ideal Stirling cycle with air as the working fluid is considered. The maximum pressure in the cycle and the net 
work output are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic 
and potential energy changes are negligible. 3 Air is an ideal gas with 
constant specific heats. 


Properties The properties of air at room temperature are R = 0.287 
kJ/kg.K, = 1.005 kJ/kg.K, = 0.718 kJ/kg-K, and k = 1.4 
(Table A-2). 

Analysis (a) The entropy change during process 1 -2 is 


^2 s \ 


C hi 

T h 


750 kJ/kg 
1800 K 


= 0.4167 kJ/kg-K 



and 


rr <P0 

, To , t / 9 

s 2 - = c„ In — + Rl n — 

T\ v x 


» 0.4167 kJ/kg • K = (0.287 kJ/kg • K)ln^ 


Vi 

— = 4.271 

"l 


^3 ^3 


p \V\ 

r, 


-> = A 


^3 ^1 n U 2 P \ 


3 X 1 

(Z?) The net work output is 


( 


H7 net =/ 7th9 r in = 


1- Tl 


T 


H J 


V\ r 3 


4in = 


= A 


r 3 


= (200 kPa)(4. 27 if 18 ° QK 
v A \ 400 K 


\ 


= 3844 kPa 


1- 


400 K 
1800 K 


(750 kJ/kg) =583 kJ/kg 
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9-164 A simple ideal Brayton cycle with air as the working fluid is considered. The changes in the net work output per unit 
mass and the thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The properties of air are given in Table A- 17. 

Analysis The properties at various states are 

7]= 300 K > /zj = 300. 19 kJ / kg 

R = 1.386 


T 3 = 1300 K 


■» h 3 = 1395.97 kJ/kg 


For r p = 6, 


P = 330.9 

r 1 


P 


P ri =—P r{ = (6)(l. 386) =8.316 > h 2 = 501.40 kJ/kg 

P i 



P, = 


Pa 

A 


P , . = 


r i \ 


v'-'y 


(330.9) = 55.15 > h 4 =855.3 kJ/kg 


q. n =h 3 -h 2 =1395.97 -501.40 = 894.57 kJ/kg 
q oui =h 4 -h l = 855.3 - 300. 19 = 555. 1 1 kJ/kg 
w ne t = ^in “^out “ 894.57 -555.1 1 = 339.46 kJ/kg 


w 


tith = 


net 


For r p = 12, 


_ 339.46 kJ/kg 
~q~~ 894.57 kJ/kg 


= 37.9% 


P 


P ri = —P ri = (l2Xl.386) = 16.63 > h 2 = 610.6 kJ/kg 

P\ 


P.. = 


Pa 

P, 


Pr, = 


r 1 \ 


vl2y 


(330.9) = 27.58 > h 4 = 704.6 kJ/kg 


q. n =h 3 -h 2 =1395.97 -610.60 = 785.37 kJ/kg 
^ out =h 4 -h x = 704.6 - 300. 19 = 404.41 kJ/kg 
w net = ^in _ ^out = 785.37 - 404.41 = 380.96 kJ/kg 


380.96 tl/t g . 485% 

^ in 785.37 kJ/kg 

Thus, 

(a) Aw net = 380.96 - 339.46 = 41.5 kJ/kg (increase ) 

(Z?) A77 th = 48.5% -37.9% = 10.6% (increase) 
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9-165 A simple ideal Brayton cycle with air as the working fluid is considered. The changes in the net work output per unit 
mass and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.287 kJ/kg.K, c p = 1.005 kJ/kg.K, = 0.718 kJ/kg-K, and 
k = 1.4 (Table A-2). 


Analysis Processes 1-2 and 3-4 are isentropic. Therefore, For r p = 6, 


T 2 = T l 




(k-\)/k 


kO.4/1 .4 


K P l J 


f ^ \ 


= (300 KX6) 0 ‘" 1 ‘ , = 500.6 K 


T 4 = 7 3 


P 


V P 3J 


(k-\)/k 


= (1300k/I 


nO.4/1.4 


= 779. 1 K 


4in = h 3 ~ h 2 =Cpi T 3 ~ T l) 

= (1.005 kJ/kg • KXl300-500.6)K = 803.4 kJ/kg 

tfout = h 4 ~ h \ = C P ( T 4 -7’,) 

= (l .005 kJ/kg • KX779. 1 - 300)K = 481 .5 kJ/kg 

w net = 9m _ 9out = 803.4-481.5 = 321.9 kJ/kg 



9th 


w 


net 


9i 


in 


321.9 kJ/kg 
803.4 kJ/kg 


40.1% 


For r p = 12, 


t 2 =t 1 




K P \J 


(k-l)/k 


= (300 kX12)°' 4/1 ' 4 = 610.2 K 


t 4 =t 3 


Pa 

V P 3 J 


(k-\)/k 


.(1300 k(± 


\ 0.4/1 .4 


639.2 K 


^ in = h 3~ h 2 = C p( T 3 ~ T l) 

= (1.005 kJ/kg -KXl 300- 610. 2)K = 693.2 kJ/kg 

<7out = /! 4- /! i =c p {T 4 -T l ) 

= (1.005 kJ/kg -KX639.2-300 )k = 340.9 kJ/kg 

w net = 9 in _ 9out = 693.2-340.9 = 352.3 kJ/kg 


Thus, 

(a) 

(b) 


V th 


352.3 kj/tg. 508% 
q m 693.2 kJ/kg 


Aw net =352.3-321.9 = 30.4 kJ/kg (increase ) 
A/7 th = 50.8% -40.1% = 10.7% (increase) 
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9-166 A regenerative Brayton cycle with helium as the working fluid is considered. The thermal efficiency and the required 
mass flow rate of helium are to be determined for 100 percent and 80 percent isentropic efficiencies for both the compressor 
and the turbine. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Helium 
is an ideal gas with constant specific heats. 

Properties The properties of helium are c p = 5.1926 kJ/kg.K 
and k = 1.667 (Table A-2). 

Analysis (a) Assuming rj T = rj c = 100%, 


( r» "\ 


T 2 s = Ti 


^4 .v ~ T 3 


(k-\)/k 


K p i J 


( r\ \ 


S P 3 J 


= (300 KX8) 


0.667/1.60 


= 689. 4K 


(k-\)/k 


= (1800k/1 


0.667/1.60 


8 


= 783. 3K 



£ = h 5 h 2 = C P^5 Ti) ^ T 5 =T 2 + s(t 4 -T 2 ) = 689.4 + (0.75X783.3 - 689.4) = 759. 8 K 

h 4 -h 2 c p {T 4 -T 2 ) 

~ w c ,i„ = (h 3 ~ h 4 )- (h 2 -l h )= c p [(r 3 -T 4 )-(T 2 - T x )] 

= (5.1926kJ/kg-K)[(l800-783.3)-(689.4-300)]K = 3257.3kJ/kg 
W,. 


^net w T,out 


net 60,000kJ/s 

m = = = 18.42 kg/s 

iv, 


net 3257.3kJ/kg 

q in = h 3 -h 5 =c p (T 3 -r 5 )=(5.1926kJ/kg-KXl800-759.8)K = 5401.3kJ/kg 


w net 3257.3kJ/kg 

77 th = = = bU.o /o 

q in 5401.3kJ/kg 
( b ) Assuming tj t = tj c = 80%, 


f n A 


t 2s = r, 


sO j 


(k-l)lk 


= (300 KX8) 


0.667/1.60 


= 689. 4K 


ric = 


h 2 s h\ _ c p {T 2s ~T \ ) 
h 2 -h x c p {T 2 -T x ) 


*T 2 =T x +(t 2s -T x )/ ij c = 300+ (689.4- 300)/(0.80) = 786.8 K 


^4 .v -^3 


P 

\(M/* 

M 

V P 3 J 


= (1800K (i 


n0. 667/1. 60 


= 783. 3K 


It = 


h 3 -h 4 _ C P (?3 -T^) 
h 3 -h 4s cJT 3 -Tj 


-> T 4 =T 3 -?i t (T 3 - T 4s ) = 1 800- (0.80Xl 800-783.3) = 986. 6 K 


£ = 


P 

hs ~ hl - c p ^ 5 ~ T 9 > t 5 = T 2 +s{t 4 -r 2 ) = 786.8 + (0.75X986.6 -786.8) = 936. 7K 


W, 


h 4 -it 2 c p (r 4 -t 2 ) 

net = w T,out “ w C,in = fe ” \ ) “ fc “ K ) = % [fe ~ T a)~^2~ 7] )] 

= (5. 1926kJ/kg- K)[(l800-986.6)-(786.8-300)]K = 1695.9kJ/kg 

. W net 60,000kJ/s ^ , 

m = — ^ = = 35.4 kg/s 

w net 1695.9kJ/kg 

<7in = h 3 — = Cp (t 3 — 7^ ) = (5.1 926kJ/kg* KXl 800— 936. 7)k = 4482. 8kJ/kg 


?Ah= ^= '695-9kJ/kg = 37. 8 o /o 


q m 4482.8kJ/kg 
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9-167 An ideal gas-turbine cycle with one stage of compression and two stages of expansion and regeneration is considered. 
The thermal efficiency of the cycle as a function of the compressor pressure ratio and the high-pressure turbine to 
compressor inlet temperature ratio is to be determined, and to be compared with the efficiency of the standard regenerative 
cycle. 


Analysis The T-s diagram of the cycle is as shown in the figure. If the 
overall pressure ratio of the cycle is r p , which is the pressure ratio 
across the compressor, then the pressure ratio across each turbine stage 
in the ideal case becomes V r p . Using the isentropic relations, the 
temperatures at the compressor and turbine exit can be expressed as 





(k-i)/k 




{k-\)/k 



{\-k)l2k 


r (k-\ )/k (\-k)/2k 

i\ r p r p 


T (k-\)l2k 

h r P 



Therefore, the regenerative cycle with two stages of expansion has a higher thermal efficiency than the standard regenerative 
cycle with a single stage of expansion for any given value of the pressure ratio r p . 
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9-168 A gas-turbine plant operates on the regenerative Brayton cycle with reheating and intercooling. The back work ratio, 
the net work output, the thermal efficiency, the second-law efficiency, and the exergies at the exits of the combustion 
chamber and the regenerator are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg-K. 

Analysis (a) For this problem, we use the properties from EES software. Remember that for an ideal gas, enthalpy is a 
function of temperature only whereas entropy is functions of both temperature and pressure. 


Optimum intercooling and reheating pressure is 
P 2 =7(100X1200) = 346.4 kPa 

Process 1-2, 3-4: Compression 

T x =300 K >h x = 300.43 kJ/kg 


T x = 300 K 
P x = 100 kPa 


•sj =5.7054 kJ/kg-K 


p 2 = 346.4 kPa 
s 2 =s x = 5.7054 kJ/kg.K 


>h 2s =428.79 kJ/kg 



ti c = 


h 2 , - h \ 


h 2 - h x 


428.79-300.43 , ^ nooiT/1 

->0.80 = >h 2 =460.88kJ/kg 

h 2 - 300.43 


T 3 =350K 
T 3 =350K 


P 3 = 346.4 kPa 


->h 3 =350.78 kJ/kg 
\s 3 =5.5040 kJ/kg-K 


P 4 =1200kPa 

s 4 =^ 3 =5.5040 kJ/kg.K 


h 4s =500.42 kJ/kg 


tic = 


K s ~ h 3 


■>0.80 = 


h 4 - h 3 

Process 6-7, 8-9: Expansion 


500.42-350.78 
h 4 -350.78 


->h 4 =537.83 kJ/kg 


T 6 = 1400 K 


T 6 = 1400 K 
P 6 = 1200 kPaJ 


>/z 6 =15 14.9 kJ/kg 
=6.6514 kJ/kg-K 


p 7 = 346.4 kPa 

=6.6514 kJ/kg.K 


\h ls =1083.9 kJ/kg 


?I T = 


h 6 h 7 


K his 


>•0.80 = 


1514.9 - Jv 


1514.9-1083.9 


> hn =1170.1 kJ/kg 


^8 

T, 

P* 

P 9 

S 9 


= 1300K — 
= 1300K 
= 346.4 kPa 


->/i 8 = 1395.6 kJ/kg 
>^ 8 =6.9196 kJ/kg-K 


= 100 kPa 

= s 8 =6.9196 kJ/kg.K 



= 996.00 kJ/kg 
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77 t = 


h s — h g 

h ~ h 9s 


>0.80 = 


1395.6 -ha 

> hg 

1395.6-996.00 


= 1075.9 kJ/kg 


Cycle analysis: 

w c in =h 2 -h x +h 4 -h 3 = 460.88 - 300.43 + 537.83 - 350.78 = 347.50 kJ/kg 
w Tout = h 6 ~ h i +h % — h 9 = 15 14.9 - 1 170. 1 + 1395.6 - 1075.9 = 664.50 kJ/kg 


T>w 


^c,in 347.50 


^T,out 664.50 


= 0.523 


w 


net 


= w T out - w c in = 664.50 - 347.50 = 31 7.0kJ/kg 


Regenerator analysis: 


h 9 h l0 


regen 


hg - h 4 


->0.75 = 


1075.9 - h 


10 


1075.9-537.83 


->/z 10 = 672.36 kJ/kg 


h lQ = 672.36 K 
P 1G =100 kPa 


s l0 =6.5157 kJ/kg • K 


q regen = h 9 - h l0 = h 5 - h 4 >1075.9-672.36 = h 5 -537.83 >h 5 =941.40 kJ/kg 

(/?) ^ in =A 6 -/i 5 =1514.9-941.40 = 573.54 kJ/kg 


^th = 


w 


net 


q-x 


in 


317.0 

573.54 


0.553 


(c) The second-law efficieny of the cycle is defined as the ratio of actual thermal efficiency to the maximum possible thermal 
efficiency (Carnot efficiency). The maximum temperature for the cycle can be taken to be the turbine inlet temperature. That 
is, 


r. 


71 =l-2i 

/max rr 


77 


300 K 
1400 K 


0.786 


and 



q max 


0.553 

0.786 


0.704 


(d) The exergies at the combustion chamber exit and the regenerator exit are 
*6 = h 6- h o- T o( s 6~ s o ) 

= (1514.9 -300.43)kJ/kg- (300 K)(6.6514-5.7054)kJ/kg.K 

= 930.7kJ/kg 

x 10 - ^10 ~K - ^0(^10 _ ^o) 

= (672.36 - 300.43)kJ/kg - (300 K)(6.5 157 - 5.7054)kJ/kg. K 

= 1 28.8k J/kg 
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9-169 The thermal efficiency of a two-stage gas turbine with regeneration, reheating and intercooling to that of a three-stage 
gas turbine is to be compared. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis 
Two Stages: 

The pressure ratio across each stage is 
r p = Vl6 = 4 

The temperatures at the end of compression and expansion are 
T c =7 min r p~ 1)lk = (293 K)(4) 04/1 4 = 435.4 K 


T =T 

e max 




\ r p J 


= (1073 K) 


^^ 0 . 4 / 1 .4 




= 722. IK 



The heat input and heat output are 

q in = 2c p (T m -T e ) = 2(1 .005 kJ/kg . KX1073 - 722. 1) K = 705.4 kJ/kg 
q oui = 2 c p (T c - T min ) = 2(1 .005 kJ/kg • K)(435.4 - 293) K = 286.2 kJ/kg 
The thermal efficiency of the cycle is then 

17 * =l-^ = l-^^ = 0.5942 = 59 . 4 % 




in 


705.4 


Three Stages: 

The pressure ratio across each stage is 
r p =16 1/3 = 2.520 

The temperatures at the end of compression and expansion are 

0 . 4 / 1. 4 


T c =T^y p k - lVk = (293 K)(2. 520) 


T =T 

e max 


r ^ \(k-i )/k 


\ r p J 


= (1073 K) 


1 


= 381. 5K 

\ 0 . 4 / 1. 4 


2.520 


= 824.0 K 


The heat input and heat output are 

q. m = 3 Cp (7^ -T e ) = 3(1 .005 kJ/kg • K)(1073 - 824.0) K = 500.5 kJ/kg 
q out = 3c p (T c -T^ n ) = 3(1.005 kJ/kg • K)(381 .5 - 293) K = 178.0 kJ/kg 
The thermal efficiency of the cycle is then 

7j th = 1 - = 1 - = 0.6444 = 64 . 4 % 





in 


500.5 
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9-170E A pure jet engine operating on an ideal cycle is considered. The thrust force produced per unit mass flow rate is to 
be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 

• • • *3 

Properties The properties of air at room temperature are R = 0.3704 psia-ft/lbm-R (Table A-1E), c p = 0.24 Btu/lbm-R and 
k = 1.4 (Table A-2Ea). 

Analysis ( a ) We assume the aircraft is stationary and the air is moving 
towards the aircraft at a velocity of V \ = 1200 ft/s. Ideally, the air will 
leave the diffuser with a negligible velocity (V 2 = 0). 


Diffuser: 


^in -^out ^^system 


<P0 (steady) 


->E m - E out 


2 <?0 2 

h\ +V{ 12 = h 2 +V 2 2 12 >0 = h 2 -h ] + E 


0 = c p {t 2 -T 1 )-V{ 12 
V{ 

T 2 =T X + — = 490 R + 
2 c 



(1200 ft/s ) ; 


P 2 =Pi 


P 

{ rji \ k /( k ~ l ) 

\ T u 


= (lOpsia 


(2)(0.24 BtuJlbm- R) 
609.8 R 


1 Btu/lbm 
25,037 1 2 Is 2 


= 609.8 R 


X 1. 4/0.4 


490 R 


= 21.5 psia 


Compressor: 

P 3 = P 4 = ( r \p 2 ) = (9)(21 .5 psia) = 193.5 psia 


t 3 = t 2 


f p ^ 

LA 

\ P 2J 


(k~\)/k 


= (609.8 R)(9)°' 4/1 ' 4 = 1 142.4 R 


Turbine: 


Wcomp^n = w 'turb,out » h 3 ~ h 2 = 'U ~ h 5 » Cp ( T 3 ~ T 2) = Cp (?4 “ T 5 ) 


or 

Nozzle: 


T 5 =T 4 -T 3 +T 2 = 1 160 - 1 142.4 + 609.8 = 627.4 R 


t 6 =t 4 


r 4 k-l)/k , . ^0.4/1 .4 

* =(1160 R]| 10pS ' a 

yP 4 ) \ 193.5 psia y 


= 497.5 R 


^in ^out ^^system 


h 5 +V 5 2 /2 = h 6 +vi/2 


<p0 (steady) 


->E m — E out 


2 2^° 

0 = h 6 -h 5+ ^L >0 = c p (t 6 -T 5 )+V ( 2 12 


or, 


^6 = = 


\ 


(2)(0.24 Btu/lbm- R)(627.4-497.5)R 


A 25,037 ft 2 /s 2 ^ 
1 Btu/lbm 


= 1249 ft/s 


The specific impulse is then 


- = V exit -Vj.de, = 1249 - 1200 = 49 m/s 


m 
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9-171 The electricity and the process heat requirements of a manufacturing facility are to be met by a cogeneration plant 
consisting of a gas-turbine and a heat exchanger for steam production. The mass flow rate of the air in the cycle, the back 
work ratio, the thermal efficiency, the rate at which steam is produced in the heat exchanger, and the utilization efficiency of 
the cogeneration plant are to be determined. 


Assumptions 1 The air-standard assumptions are 
applicable. 2 Kinetic and potential energy 
changes are negligible. 3 Air is an ideal gas with 
variable specific heats. 

Analysis {a) For this problem, we use the 
properties of air from EES software. Remember 
that for an ideal gas, enthalpy is a function of 
temperature only whereas entropy is functions of 
both temperature and pressure. 

Process 1-2: Compression 

T x = 20°C > h x = 293.5 kJ/kg 

t = ?n°r 1 

1 L =5.682 kJ/kg K 

P l = 100 kPaj 1 


325°C 15°C 



P 2 = 1000 kPa 
s 2 =s l = 5.682 kJ/kg. K 



= 567.2 kJ/kg 


Vc = 


h 2s ~ h \ 


h 2 - h\ 


-> 0.86 = 


567.2-293.5 
h 2 -293.5 


■>h 2 =61 1.8 kJ/kg 


Process 3-4: Expansion 


r 4 = 450°C 
rt T = 


h 3 - h 4 


+ h 4 = 738.5 kJ/kg 

-738.5 


h 3 — h As 


-> 0.88 = 


h 3 ~ K s 


We cannot find the enthalpy at state 3 directly. However, using EES, we find 
h 3 = 1262 kJ/kg, T 3 = 913.2°C, 53 = 6.507 kJ/kg.K. 

The solution by hand would require a trial-error approach. Also, 

T 5 = 325°C >h 5 =605.4 kJ/kg 

The inlet water is compressed liquid at 15°C and at the saturation pressure of steam at 200°C (1555 kPa). This is not 
available in the tables but we can obtain it in EES. The alternative is to use saturated liquid enthalpy at the given 
temperature. 


T w i=15°C 
P =1555kPa 


T w2 = 200°C 
*2 =1 


h wl = 64.47 kJ/kg 


h w2 = 2792 kJ/kg 


The net work output is 

w c , in =h 2 -h x =611.8 -293.5 = 318.2 kJ/kg 
^T,out = h - h 4 = 1262 - 738.5 = 523.4 kJ/kg 


w net = w T,out _ w C,in = 523.4 - 318.2 = 205.2 kJ/kg 


The mass flow rate of air is 
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W t 


m a = 


net 


W 


net 


1500 kJ/s 
205.2 kJ/kg 


= 7.31 1kg/s 


( b ) The back work ratio is 


w, 


r bw = 


C,in 318.2 


w x ,out 523.4 


= 0.608 


The rate of heat input and the thermal efficiency are 

Q m = m a (h 3 - h 2 ) = (7.3 1 1 kg/s)(1262 - 61 1 .8)kJ/kg = 4753 kW 


W. 


net 


1500 kW 

7th = = 

Q. 4753 kW 


= 0.3156 = 31.6% 


'in 


(c) An energy balance on the heat exchanger gives 

K (h 4 -h 5 ) = rh w {h w 2 - h w] ) 

(7.31 1 kg/s)(738.5 - 605.4)kJ/kg = mJ2792 - 64.47)kJ/kg >m w = 0.3569kg/s 

(d) The heat supplied to the water in the heat exchanger (process heat) and the utilization efficiency are 

Q p = m w (h w2 - h wl ) = (0.3569 kg/s)(2792 - 64.47)kJ/kg = 973.5 kW 


^net + Qx 


£„ = 


Q 


in 


1500 + 973.5 
4753 kW 


= 0.5204 = 52.0% 


The EES code for this problem is given next: 


"GIVEN" 

P_1=100 [kPa] 

P_2=1 000 [kPa] 

T_1 =20 [C] 

T_4=450 [C] 

T_hx_out=325 [C] 

W_dot_net=1500 [kW] 

T_w1=15 [C] 

T_w2=200 [C] 

eta_C=0.86 

eta_T=0.88 

"PROPERTIES" 

Fluid$='Air' 

h_1 =enthalpy(Fluid$, T=T_1) 
s_1=entropy(Fluid$, T=T_1, P=P_1) 
h_2s=enthalpy(Fluid$, P=P_2, s=s_1) 
h_2=h_1 +(h_2s-h_1 )/eta_C 
h_4=enthalpy(Fluid$, T=T_4) 
s_3=entropy(Fluid$, T=T_3, P=P_2) 
h_3=enthalpy(Fluid$, T=T_3) 
h_4s=enthalpy(Fluid$, P=P_1 , s=s_3) 
h_3=h_4+eta_T*(h_3-h_4s) 
h_hx_out=enthalpy(Fluid$, T=T_hx_out) 
FluidW$='Steam_iapws' 
P_w=pressure(FluidW$, T=T_w2, x=1) 
h_w1=enthalpy(FluidW$, T=T_w1, P=P_w) 
h_w2=enthalpy(FluidW$, T=T_w2, x=1) 

"ANALYSIS" 
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"(a)" 

w_C_in=h_2-h_1 

w_T_out=h_3-h_4 

w_n et= w_T_o u t- w_C _i n 

m_dot_air=W_dot_net/w_net 

"(b)" 

r_b w= w_C_i n/w_T_o u t 

Q_dotJn=m_dot_air*(h_3-h_2) 

eta_th=W_dot_net/Q_dotJn 

"(c)" 

m_dot_steam*(h_w2-h_w1)=m_dot_air*(h_4-h_hx_out) "energy balance on heat exchanger" 
"(d)" 

Q_dot_hx=m_dot_steam*(h_w2-h_w1) 

eta_utilization=(W_dot_net+Q_dot_hx)/Q_dot_in "utilization efficiency" 
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9-172 A turbojet aircraft flying is considered. The pressure of the gases at the turbine exit, the mass flow rate of the air 
through the compressor, the velocity of the gases at the nozzle exit, the propulsive power, and the propulsive efficiency of 
the cycle are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). 

Analysis ( a ) For this problem, we use the properties from EES software. 

Remember that for an ideal gas, enthalpy is a function of temperature only 
whereas entropy is functions of both temperature and pressure. 

Diffuser, Process 1-2: 

7j = -35°C >h x = 238.36 kJ/kg 

/ _ / V 2 
hi H — hj H 

2 2 

1 kJ/kg , (15 m/s) ? 



(238.36 kJ/kg) + 


(1100/3.6 m/s)' 


2 ,2 


h 2 =284.93 kJ/kg 
P 2 = 50 kPa 

Compressor, Process 2-3: 

P 3 = 450 kPa 

s 3 = ^2 = 5.8513 kJ/kg.K 


1000 m"/s 

}s 2 = 5.8513 kJ/kg-K 


-h 2 + 


1 kJ/kg 


2 ,2 


1000 m"/s 


a/z 2 = 284.93 kJ/kg 


7c = 


K ~ h 2 


h 3 -h 2 


->0.83 = 


h 3s =534.42 kJ/kg 
534.42 - 284.93 


h 3 - 284.93 


-> h 3 =585.52 kJ/kg 


Turbine, Process 3-4: 

T 4 = 950°C >h 4 =1305.2 kJ/kg 


h 3 — h 2 = h 4 — h 5 


->585.52 - 284.93 = 1305.2 - h 5 >h 5 = 1004.6 kJ/kg 


where the mass flow rates through the compressor and the turbine are assumed equal. 

1305.2-1004.6 


7 t = 


h 4 ~ h 5 

h 4 - h 5s 


->0.83 = 


1305.2 -h 


5 s 


->h 5s =943.04 kJ/kg 


T 4 = 950°C 
P 4 = 450 kPa 


= 6.7725 kJ/kg • K 


h 5s =962.45 kJ/kg 
s 5 =^ 4 =6.7725 kJ/kg-K 


■A =136.9kPa 


{b) The mass flow rate of the air through the compressor is 




m = 


c 


800kJ/s 


h 3 - h 2 (585.52 - 284.93) kJ/kg 


= 2.661kg/s 


(c) Nozzle, Process 5-6: 

h 5 =1004.6 kJ/kg 
P 5 = 136.9 kPa 


=6.8382 kJ/kg-K 
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P 6 = 40kPa 

s 6 = s 5 = 6.8382 kJ/kg.K 


\h 6s = 713.12 kJ/kg 


= 


h 5 -h 6 


h 5 ~ h 6 s 


■>0.83 


1004.6 - h 6 
1004.6-713.12 


>h 6 =762.68 kJ/kg 


h 5 + 





(1004.6 kJ/kg) + 0 = 762.68 kJ/kg + 


v 6 2 ( i kj/kg N 

2 1 1000 m 2 /s 2 , 


>V 6 =695.6m/s 


where the velocity at nozzle inlet is assumed zero. 

(d) The propulsive power and the propulsive efficiency are 


W p =m(V 6 -V l )V l = [2.661 kg/s)(695.6 m/s - (1100/ 3.6) m/s][l 100 / 3.6) m/s 


1 kJ/kg ^ 
1000 m 2 /s 2 y 


317.2kW 


Q m = m(h 4 -h 3 ) = (2.661 kg/s)(1305.2 - 585.52)kJ/kg = 1915kW 





317.2 kW 
1915 kW 


= 0.1656 = 16.6% 


The EES code for this problem is given next: 


"GIVEN" 

VeM =1 1 00[km/h]*Convert(km/h, m/s) 

P_1 =40 [kPa]; T_1=-35 [C] 

P_2=50 [kPa]; Vel_2=15 [m/s] 

P_4=450 [kPa]; T_4=950 [C] 

W_dot=800 [kW] 

eta_C=0.83; eta_T=0.83; eta_N=0.83 

"ANALYSIS" 

Fluid$='Air' 

"(a)" 

"Diffuser, process 1-2" 
h_1=enthalpy(Fluid$, T=T_1) 

h_2+Vel_2 A 2/2*Convert(m A 2/s A 2, kJ/kg)=h_1+Vel_1 A 2/2*Convert(m A 2/s A 2, kj/kg) "energy balance" 
"Compressor, process 2-3" 
s_2=entropy(Fluid$, h=h_2, P=P_2) 

P_3=P_4 

h_3s=enthalpy(Fluid$, P=P_3, s=s_2) 
h_3=h_2+(h_3s-h_2)/eta_C 
"Turbine, process 4-5" 
h_4=enthalpy(Fluid$, T=T_4) 

h_5=h_4+h_2-h_3 "turbine and compressor works are equal" 
eta_T =(h_4-h_5)/(h_4-h_5s) 
s_4=entropy(Fluid$, T=T_4, P=P_4) 

P_5=pressure(Fluid$, h=h_5s, s=s_4) 

"(b)" 

m_dot=W_dot/(h_3-h_2) 

"(c)" 

"Nozzle, process 5-6" 

Vel_5=0 "assumed" 
s_5=entropy(Fluid$, h=h_5, P=P_5) 

P 6=P 1 
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h_6s=enthalpy(Fluid$, P=P_6, s=s_5) 
h_6=h_5-eta_T*(h_5-h_6s) 

h_6+Vel_6 A 2/2*Convert(m A 2/s A 2, kJ/kg)=h_5+Vel_5 A 2/2*Convert(m A 2/s A 2, kJ/kg) "energy balance" 
"(d)" 

"Cycle analysis" 

_dot_P=m_dot*(Vel_6-Vel_1 )*Vel 1 *Convert(m A 2/s A 2, kJ/kg) 

dot_in=m_dot*(h_4-h_3) 
eta P=W dot P/Q dot in 
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9-173 The three processes of an air standard cycle are described. The cycle is to be shown on the P- i/and T-s diagrams, and 
the expressions for back work ratio and the thermal efficiency are to be obtained. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Analysis (a) The P-v and T-s diagrams for this cycle are as shown. 

(b) The work of expansion is found by the first law for process 2-3: 


*?2-3 ^2-3 Aw 2 _ 3 

q 2 _ 2 = Qiisentropic process ) 

w 2 _ 3 = -Au 2 _ 3 = -C v (T 3 -T 2 ) 
w ^= w i-i= c A T 2-r) 

The compression work is found by 

l 



W com P = ~ W 2 1 = - J Pdv = - P ( - V 3 ) = R ( T 3 ~ T 1 ) 

3 

The back work ratio is 

C,(T S -T t ) c, T s (I-TJQ C, (l- 7 j/r,) 
R{T 2 -T,) RT,(TJT,~ 1 ) R(TJT,~ 1 ) 

Process 3-1 is constant pressure; therefore, 



^ = ^l^T = Yl = Y^ = ] _ 

T 3 7] T 3 V 3 V 3 r 

Process 2-3 is isentropic; therefore, 


II 

E^l 

V 

k- 1 

k - 1 P 2 

— r and — = 

fvO 

T 1 

1 3 

kYi ) 

r 



The back work ratio becomes (C v =R/(k-l)) 


w 


comp 


w 


exp 



k — 1 r — 1 
r r k ~ l - 1 


(c) Apply first law to the closed system for processes 1-2 and 3-1 to show: 
C Jmu = C p ( P 3 ~T\ ) 


The cycle thermal efficiency is given by 

a C(T 3 -T.) TJTJT.- 1 ) 

_ ! _ zoul — ! J r = l-k 1 3 1 L 

q in c v (t 2 - t; ) T x (T 2 !T x - 1 ) 

Process 1-2 is constant volume; therefore, 

^P = PP => j 1 = Pl = Pl = p 

t 2 t { p p p 3 

The efficiency becomes 
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1 7 r_1 

Tl,h = l ~ k ~ k 


r k -\ 

(d) Determine the value of the back work ratio and efficiency as r goes to unity. 

1 


w 


1- 


comp 


w. 


exp 




K — 1 1 

r r -1 




r-> 1 


W 


exp 


w 

^exp 


^ r— >1 


r — 1 

^ =1 -*7ZT 


lim/7, =!-/:< lim 


r-1 


= l-& 


r— >1 


r— >1 y — ] 


lim 


1 


r^\ 


k - 1 




= 0 


These results show that if there is no compression (i.e. r = 1), there can be no expansion and no net work will be done even 
though heat may be added to the system. 
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9-174 An ideal regenerative Brayton cycle is considered. The pressure ratio that maximizes the thermal efficiency of the 
cycle is to be determined, and to be compared with the pressure ratio that maximizes the cycle net work. 

Analysis Using the isentropic relations, the temperatures at the compressor and turbine exit can be expressed as 


Then, 


t 2 =t, 


T 4 =7 3 




v p u 


r ~ x 


P 


y p 3 j 


(k-l)/k 


(k-l)/k 


= p iK 


k-l)/k 


= T, 


r i \ 


\ r p J 


= T 3 r p 


(l -k)/k 


q m = h 3 - h 5 = c p (r 3 -T 5 )=c p (T 3 -T 4 )= c p T 3 (l - rj;-^ k 
q out = K - \ = c p (: r 6 -T t ) = c p (T 2 -T t )= c p T x (r^' k - 1) 
-n —a —r (t 

“#in ^out ~ c p\~ 3 1 3 r p 1 \ r p + 


^net 



To maximize the net work, we must have 


dw 


net 


dr 


— c 


p 


1 -k 


T,r 


3 ' P 


(: \-k)tk 


-1 


k - 1 


p 


T i r P 


(k-\)/k 


-1 


= 0 


Solving for r p gives 


r P = 


f T ^ 
V r 3 J 


k!2(\-k) 


Similarly, 


7th =1 


^OUt 


= 1 


C p T l\ r p 


(k-l)/k 


-1 




in 


c p T 3^~ r p 


(\-k)/k 


which simplifies to 


r, 


7th =!- A' 

3 


(k-\)lk 


T? p 


When r p = 1, the thermal efficiency becomes 77 th = 1 - T\IT 3 , which is the Carnot efficiency. Therefore, the efficiency is a 
maximum when r p = 1, and must decrease as r p increases for the fixed values of T\ and T 3 . Note that the compression ratio 
cannot be less than 1, and the factor 

, (*-!)/* 


is always greater than 1 for r p > 1. Also note that the net work w net = 0 for r p = 1. This being the case, the pressure ratio for 
maximum thermal efficiency, which is r p = 1, is always less than the pressure ratio for maximum work. 
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9-175 The effect of variable specific heats on the thermal efficiency of the ideal Otto cycle using air as the working 

fluid is to be investigated. The percentage of error involved in using constant specific heat values at room temperature for 
different combinations of compression ratio and maximum cycle temperature is to be determined. 

Analysis Using EES, the problem is solved as follows: 


Procedure ConstPropResult(T[1],P[1],r_comp,T[3]:Eta_th_ConstProp,Eta_th_easy) 
"For Air:" 

C_V = 0.718 [kJ/kg-K] 
k= 1.4 

T2 = T[1]*r_comp A (k-1) 

P2 = P[1]*r_comp A k 
q_in_23 = C_V*(T[3]-T2) 

T4 = T[3]*(1/r_comp) A (k-1) 
q_out_41 = C_V*(T4-T[1]) 

Eta_th_ConstProp = (1-q^out_41/q_in_23)*Convert(, %) "[%]" 

"The Easy Way to calculate the constant property Otto cycle efficiency is:" 
Eta_th_easy = (1 - 1/r_comp A (k-1))*Convert(, %) "[%]" 

END 


"Input Data" 

T[1]=300 [K] 

P[1]=100 [kPa] 

"T[3] = 1000 [K]" 
r_comp = 12 

"Process 1-2 is isentropic compression" 

s[1]=entropy(air,T=T[1],P=P[1]) 

s[2]=s[1] 

T[2]=temperature(air, s=s[2], P=P[2]) 

P[2]*v[2]/T[2]=P[1 ]*v[1 ]/T[1 ] 

P[1]*v[1]=R*T[1] 

R=0.287 [kJ/kg-K] 

V[2] = V[1 ]/ r_comp 

"Conservation of energy for process 1 to 2" 
q_12 - w_12 = DELTAu_12 
q_12 =0"isentropic process" 

DELTAu_12=intenergy(air,T=T[2])-intenergy(air,T=T[1]) 
"Process 2-3 is constant volume heat addition" 
v[3]=v[2] 

s[3]=entropy(air, T=T[3], P=P[3]) 

P[3]*v[3]=R*T[3] 

"Conservation of energy for process 2 to 3" 

q_23 - w_23 = DELTAu_23 

w_23 =0"constant volume process" 

DELTAu_23=intenergy(air,T=T[3])-intenergy(air,T=T[2]) 

"Process 3-4 is isentropic expansion" 

s[4]=s[3] 

s[4]=entropy(air,T=T[4],P=P[4]) 

P[4]*v[4]=R*T[4] 

"Conservation of energy for process 3 to 4" 
q_34 -w_34 = DELTAu_34 
q_34 =0"isentropic process" 

DELTAu_34=intenergy(air,T=T[4])-intenergy(air,T=T[3]) 
"Process 4-1 is constant volume heat rejection" 

V[4] = V[1] 

"Conservation of energy for process 4 to 1" 

q_41 - w_41 = DELTAu_41 

w_41 =0 "constant volume process" 
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DELTAu_41 =intenergy(air,T =T[1 ])-intenergy(air,T =T[4]) 

q_in_total=q_23 

qouttotal = -q_41 

wnet = wl 2+w23+w34+w41 

Eta_th=w_net/q_in_totarConvert(, %) "Thermal efficiency, in percent" 

Call ConstPropResult(T[1],P[1],r_comp,T[3]:Eta_th_ConstProp,Eta_th_easy) 
PerCentError = ABS(Eta_th - Eta_th_ConstProp)/Eta_th*Convert(, %) "[%]" 


PerCentError 

m 

^comp 

Tlth 

[%] 

qth.ConstProp 

[%] 

flth.easy 

[%] 

t 3 

[K 

3.604 

12 

60.8 

62.99 

62.99 

1000 

6.681 

12 

59.04 

62.99 

62.99 

1500 

9.421 

12 

57.57 

62.99 

62.99 

2000 

11.64 

12 

56.42 

62.99 

62.99 

2500 


Percent Error = | th - t h,ConstProp I / th 
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9-176 The effects of pressure ratio, maximum cycle temperature, and compressor and turbine inefficiencies on the net 

work output per unit mass and the thermal efficiency of a simple Brayton cycle with air as the working fluid is to be 
investigated. Constant specific heats at room temperature are to be used. 

Analysis Using EES, the problem is solved as follows: 


"Given" 

r_p=5 "r_p=P2/P1 =P3/P4" 
T1=300 [K] 

T3=800 [K] 

eta_C=0.80 

eta_T=0.80 

"Properties" 

Fluid$='air' 
c_p=CP( Fluid$, T=T) 
c_v=CV(Fluid$, T=T) 
T=300 [K] 
k=c_p/c_v 


"Analysis" 

T2s=T 1 *r_p A ((k-1 )/k) 
T4s=T3*(1/r_p) A ((k-1 )/k) 
eta_C=(T2s-T 1 )/(T2-T 1 ) 
eta_T =(T3-T 4)/(T3-T 4s) 
q_in=c_p*(T3-T2) 
q_out=c_p*(T4-T1) 
w_net_out=q_in-q_out 
eta_th=w_net_out/q_in 


T 3 

W net, out 

nth 

800 

17.07 

0.06044 

900 

46.7 

0.122 

1000 

76.32 

0.1579 

1100 

105.9 

0.1815 

1200 

135.6 

0.1981 

1300 

165.2 

0.2105 

1400 

194.8 

0.2201 

1500 

224.4 

0.2277 

1600 

254.1 

0.2339 


r p = 5, r|c = Bt = 0.80 
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r|c &nd r\j 

W net, out 

eta th 

0.8 

17.07 

0.06044 

0.82 

28.36 

0.09855 

0.84 

39.39 

0.1345 

0.86 

50.19 

0.1686 

0.88 

60.76 

0.2009 

0.9 

71.13 

0.2318 

0.92 

81.31 

0.2614 

0.94 

91.3 

0.2897 

0.96 

101.1 

0.3169 

0.98 

110.8 

0.3432 

1 

120.3 

0.3686 


r p = 5, T 3 = 800 K 



T3 [K] 
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T3 [K] 
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9-177 The effects of pressure ratio, maximum cycle temperature, and compressor and turbine efficiencies on the 

net work output per unit mass and the thermal efficiency of a simple Brayton cycle with air as the working fluid is to be 
investigated. Variable specific heats are to be used. 

Analysis Using EES, the problem is solved as follows: 


"Input data - from diagram window" 

{P_ratio = 8} 

{T[1 ] = 300 [K] 

P[1]= 100 [kPa] 

T[3] = 800 [K] 
m_dot = 1 [kg/s] 

Eta_c = 75/1 00 
Eta_t = 82/1 00} 

"Inlet conditions" 

h[1 ]=ENTHALPY(Air,T=T[1 ]) 

s[1 ]=ENTROPY(Air,T=T[1],P=P[1 ]) 

"Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]" 

T_s[2]=TEMPERATURE(Air,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=ENTHALPY(Air,T=T_s[2]) 

Eta_c =(h_s[2]-h[1 ])/(h[2]-h[1 ]) "Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 
h[3]=ENTHALPY(Air,T=T[3]) 

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 

"Turbine analysis" 
s[3]=ENTROPY(Air,T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P_ratio= P[3] /P[4] 

T_s[4]=TEMPERATURE(Air,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
h_s[4]=ENTHALPY(Air,T=T_s[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t" 
Eta_t=(h[3]-h[4])/(h[3]-h_s[4]) 

m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 

Eta=W_dot_net/Q_dot_in"Cycle thermal efficiency" 

Bwr=W_dot_c/W_dot_t "Back work ratio" 

"The following state points are determined only to produce a T-s plot" 

T[2]=temperature('air',h=h[2]) 

T[4]=temperature('air',h=h[4]) 

s[2]=entropy(air,T=T[2],P=P[2]) 

s[4]=entropy(air,T=T[4],P=P[4]) 
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Bwr 

n 

P ratio 

w c 

[kW] 

W ne , 

[kWl 

W, 

[kWl 

Qin 

[kWl 

0.5229 

0.1 

2 

1818 

1659 

3477 

16587 

0.6305 

0.1644 

4 

4033 

2364 

6396 

14373 

0.7038 

0.1814 

6 

5543 

2333 

7876 

12862 

0.7611 

0.1806 

8 

6723 

2110 

8833 

11682 

0.8088 

0.1702 

10 

7705 

1822 

9527 

10700 

0.85 

0.1533 

12 

8553 

1510 

10063 

9852 

0.8864 

0.131 

14 

9304 

1192 

10496 

9102 

0.9192 

0.1041 

16 

9980 

877.2 

10857 

8426 

0.9491 

0.07272 

18 

10596 

567.9 

11164 

7809 

0.9767 

0.03675 

20 

11165 

266.1 

11431 

7241 





PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


9-168 



9-178 " tF “ The effects of pressure ratio, maximum cycle temperature, and compressor and turbine efficiencies on the 
net work output per unit mass and the thermal efficiency of a simple Brayton cycle with helium as the working fluid is 
to be investigated. 

Analysis Using EES, the problem is solved as follows: 


Function hFunc(WorkFluid$,T,P) 

"The EES functions teat helium as a real gas; thus, T and P are needed for helium's enthalpy." 

IF WorkFluid$ = 'Air' then hFunc:=enthalpy(Air,T=T) ELSE 
hFunc: = enthalpy(Helium,T=T,P=P) 

endif 

END 

Procedure EtaCheck(Eta_th:EtaError$) 

If Eta_th < 0 then EtaError$ = ’Why are the net work done and efficiency < 0?' Else EtaError$ = " 

END 

"Input data - from diagram window" 

{P_ratio = 8} 

{T[1 ] = 300 [K] 

P[1]= 100 [kPa] 

T[3] = 800 [K] 
m_dot = 1 [kg/s] 

Eta_c = 0.8 
Eta_t = 0.8 

WorkFluid$ = 'Helium'} 

"Inlet conditions" 

h[1 ]=hFunc(WorkFluid$,T[1 ],P[1 ]) 

s[1 ]=ENTROPY(WorkFluid$,T=T[1],P=P[1 ]) 

"Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]" 

T_s[2]=TEMPERATURE(WorkFluid$,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=hFunc(WorkFluid$,T_s[2],P[2]) 

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) "Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 
h[3]=hFunc(WorkFluid$,T[3],P[3]) 

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 

"Turbine analysis" 

s[3]=ENTROPY(WorkFluid$,T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P_ratio= P[3] /P[4] 

T_s[4]=TEMPERATURE(WorkFluid$,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
h_s[4]=hFunc(WorkFluid$,T_s[4],P[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > 
W_dot_t" 

Eta_t = ( h [3] - h [4] )/( h [3] - h_s [4] ) 

m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 

Eta_th=W_dot_net/Q_dot_in"Cycle thermal efficiency" 

Call EtaCheck(Eta_th:EtaError$) 

Bwr=W_dot_c/W_dot_t "Back work ratio" 

"The following state points are determined only to produce a T-s plot" 

T[2]=temperature(air,h=h[2]) 

T[4]=temperature(air,h=h[4]) 

s[2]=entropy(air,T=T[2],P=P[2]) 

s[4]=entropy(air,T=T[4],P=P[4]) 
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Bwr 

n 

^ratio 

w c 

fkwi 

w net 

fkwi 

W t 

fkwi 

Qin 

[kW] 

0.5229 

0.1 

2 

1818 

1659 

3477 

16587 

0.6305 

0.1644 

4 

4033 

2364 

6396 

14373 

0.7038 

0.1814 

6 

5543 

2333 

7876 

12862 

0.7611 

0.1806 

8 

6723 

2110 

8833 

11682 

0.8088 

0.1702 

10 

7705 

1822 

9527 

10700 

0.85 

0.1533 

12 

8553 

1510 

10063 

9852 

0.8864 

0.131 

14 

9304 

1192 

10496 

9102 

0.9192 

0.1041 

16 

9980 

877.2 

10857 

8426 

0.9491 

0.07272 

18 

10596 

567.9 

11164 

7809 

0.9767 

0.03675 

20 

11165 

266.1 

11431 

7241 
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9-179 ■ rrm The effects of pressure ratio, maximum cycle temperature, regenerator effectiveness, and compressor and 
turbine efficiencies on the net work output per unit mass and the thermal efficiency of a regenerative Brayton cycle with air 
as the working fluid is to be investigated. Constant specific heats at room temperature are to be used. 

Analysis Using EES, the problem is solved as follows: 


"Input data for air" 

C_P = 1.005 [kJ/kg-K] 
k = 1.4 

"Other Input data from the diagram window" 

{T[3] = 1 200 [K] 

Pratio = 10 
T[1] = 300 [K] 

P[1]= 100 [kPa] 

Eta_reg = 1.0 

Eta_c =0.8"Compressor isentorpic efficiency" 

Eta_t =0.9"Turbien isentropic efficiency"} 

"Isentropic Compressor anaysis" 

T_s[2] = T[1]*Pratio A ((k-1)/k) 

P[2] = Pratio*P[1] 

"T_s[2] is the isentropic value of T[2] at compressor exit" 

Eta_c = w_compisen/w_comp 

"compressor adiabatic efficiency, W_comp > W_compisen" 

"Conservation of energy for the compressor for the isentropic case: 
ejn - e_out = DELTAe=0 for steady-flow" 
w_compisen = C_P*(T_s[2]-T[1]) 

"Actual compressor analysis:" 
w_comp = C_P*(T[2]-T[1]) 

"External heat exchanger analysis" 

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0 
ejn - e_out =DELTAe_cv =0 for steady flow" 
q_in_noreg = C_P*(T[3] - T[2]) 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 

"Turbine analysis" 

P[4] = P[3] /Pratio 

T_s[4] = T[3]*(1/Pratio) A ((k-1 )/k) 

"T_s[4] is the isentropic value of T[4] at turbine exit" 

Eta_t = w_turb /w_turbisen "turbine adiabatic efficiency, w_turbisen > w_turb" 

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
ejn -e_out = DELTAe_cv = 0 for steady-flow" 
wjurbisen = C_P*(T[3] - T_s[4]) 

"Actual Turbine analysis:" 
wjurb = C_P*(T[3] - T[4]) 

"Cycle analysis" 
w_net=w turb-w_comp 

Eta_th_noreg=w_net/q_in_noreg*Convert(, %) "[%]" "Cycle thermal efficiency" 
Bwr=w_comp/w turb "Back work ratio" 

"With the regenerator the heat added in the external heat exchanger is" 
qjn_withreg = C_P*(T[3] - T[5]) 

P[5]=P[2] 
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"The regenerator effectiveness gives h[5] and thus T[5] as:" 
Eta.reg = (T[5]-T[2])/(T[4]-T[2]) 

"Energy balance on regenerator gives h[6] and thus T[6] as:" 
T[2] + T[4]=T[5] + T[6] 

P[6]=P[4] 

"Cycle thermal efficiency with regenerator" 
Eta_th_withreg=w_net/q_in_withreg*Convert(, %) "[%]" 


he 

ht 

hth,noreg 

r%i 

hth.withreg 

r%i 

C|in,noreg 

[kJ/kg] 

C|in,withreg 

[kJ/kg] 

W ne t 

[kJ/kg] 

0.6 

0.9 

14.76 

13.92 

510.9 

541.6 

75.4 

0.65 

0.9 

20.35 

20.54 

546.8 

541.6 

111.3 

0.7 

0.9 

24.59 

26.22 

577.5 

541.6 

142 

0.75 

0.9 

27.91 

31.14 

604.2 

541.6 

168.6 

0.8 

0.9 

30.59 

35.44 

627.5 

541.6 

192 

0.85 

0.9 

32.79 

39.24 

648 

541.6 

212.5 

0.9 

0.9 

34.64 

42.61 

666.3 

541.6 

230.8 
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9-180 The effects of pressure ratio, maximum cycle temperature, regenerator effectiveness, and compressor and 

turbine efficiencies on the net work output per unit mass and the thermal efficiency of a regenerative Brayton cycle with air 
as the working fluid is to be investigated. Variable specific heats are to be used. 

Analysis Using EES, the problem is solved as follows: 


"Input data" 

"Input data from the diagram window" 

{T[3] = 1 200 [K] 

Pratio = 10 
T[1] = 300 [K] 

P[1]= 100 [kPa] 

Eta_reg = 1.0 

Eta_c =0.8 "Compressor isentorpic efficiency" 

Eta_t =0.9 "Turbine isentropic efficiency"} 

"Isentropic Compressor anaysis" 
s[1 ]=ENTROPY(Air,T=T[1 ],P=P[1 ]) 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P[2] = Pratio*P[1] 

s_s[2]=ENTROPY(Air,T=T_s[2],P=P[2]) 

"T_s[2] is the isentropic value of T[2] at compressor exit" 

Eta_c = w_compisen/w_comp 

"compressor adiabatic efficiency, W_comp > W_compisen" 

"Conservation of energy for the compressor for the isentropic case: 

ejn - e_out = DELTAe=0 for steady-flow" 

h[1] + w_compisen = h_s[2] 

h[1 ]=ENTHALPY(Air,T=T[1 ]) 

h_s[2]=ENTHALPY(Air,T=T_s[2]) 

"Actual compressor analysis:" 
h[1] + w_comp = h[2] 
h[2]=ENTHALPY(Air,T=T[2]) 
s[2]=ENTROPY(Air,T=T[2], P=P[2]) 

"External heat exchanger analysis" 

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0 
ejn - e_out =DELTAe_cv =0 for steady flow" 
h[2] + q_in_noreg = h[3] 
h[3]=ENTHALPY(Air,T=T[3]) 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 

"Turbine analysis" 
s[3]=ENTROPY(Air,T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P[4] = P[3] /Pratio 

s_s[4]=ENTROPY(Air,T=T_s[4],P=P[4])"T_s[4] is the isentropic value of T[4] at turbine exit" 
Eta_t = w_turb /w_turbisen "turbine adiabatic efficiency, w_turbisen > wjurb" 

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
ejn -e_out = DELTAe_cv = 0 for steady-flow" 
h[3] = wjurbisen + h_s[4] 
h_s[4]=ENTHALPY(Air,T=T_s[4]) 

"Actual Turbine analysis:" 
h[3] = wjurb + h[4] 
h[4]=ENTHALPY(Air,T=T[4]) 
s[4]=ENTROPY(Air,T=T[4], P=P[4]) 

"Cycle analysis" 
w_net=wJurb-w_comp 

EtaJh_noreg=w_net/qJn_noreg*Gonvert(, %) "[%]" "Cycle thermal efficiency" 
Bwr=w_comp/wJurb"Back work ratio" 
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"With the regenerator the heat added in the external heat exchanger is" 
h[5] + q_in_withreg = h[3] 
h[5]=ENTHALPY(Air, T=T[5]) 
s[5]=ENTROPY(Air,T=T[5], P=P[5]) 

P[5]=P[2] 

"The regenerator effectiveness gives h[5] and thus T[5] as:" 

Eta_reg = (h[5]-h[2])/(h[4]-h[2]) ^ 

"Energy balance on regenerator gives h[6] and thus T[6] as:" 
h[2] + h[4]=h[5] +h[6] 
h[6]=ENTHALPY(Air, T=T[6]) 
s[6]=ENTROPY(Air,T=T[6], P=P[6]) 

P[6]=P[4] 

"Cycle thermal efficiency with regenerator" 
Eta_th_withreg=w_net/q_in_withreg*Convert(, %) "[%]" 

"The following data is used to complete the Array 
Table for plotting purposes." 

S_S[1]=S[1] 

T_s[1]=T[1] 

s_s[3]=s[3] 

T_s[3]=T[3] 

s_s[5]=ENTROPY(Air,T=T[5],P=P[5]) 

T_s[5]=T[5] 

s_s[6]=s[6] 

T_s[6]=T[6] 


11c 

nt 

htMoreg 

[%1 

llth,withreg 

[%1 

C|in,noreg 

[kJ/kg] 

9in,withreg 

[kJ/kg] 

w net 

[kJ/kg] 

0.6 

0.9 

14.76 

13.92 

510.9 

541.6 

75.4 

0.65 

0.9 

20.35 

20.54 

546.8 

541.6 

111.3 

0.7 

0.9 

24.59 

26.22 

577.5 

541.6 

142 

0.75 

0.9 

27.91 

31.14 

604.2 

541.6 

168.6 

0.8 

0.9 

30.59 

35.44 

627.5 

541.6 

192 

0.85 

0.9 

32.79 

39.24 

648 

541.6 

212.5 

0.9 

0.9 

34.64 

42.61 

666.3 

541.6 

230.8 
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Compressor efficiency 



Compressor efficiency 
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9-181 The effects of pressure ratio, maximum cycle temperature, regenerator effectiveness, and compressor and 

turbine efficiencies on the net work output per unit mass and the thermal efficiency of a regenerative Brayton cycle with 
helium as the working fluid is to be investigated. 

Analysis Using EES, the problem is solved as follows: 


"Input data for helium" 

C_P = 5.1926 [kJ/kg-K] 
k = 1.667 

"Other Input data from the diagram window" 

{T[3] = 1 200 [K] 

Pratio = 1 0 
T[1] = 300 [K] 

P[1]= 100 [kPa] 

Eta_reg = 1.0 

Eta_c =0.8 "Compressor isentorpic efficiency" 

Eta_t =0.9 "Turbien isentropic efficiency"} 

"Isentropic Compressor anaysis" 

T_s[2] = T[1]*Pratio A ((k-1)/k) 

P[2] = Pratio*P[1] 

"T_s[2] is the isentropic value of T[2] at compressor exit" 

Eta_c = w_compisen/w_comp 

"compressor adiabatic efficiency, W_comp > W_compisen" 

"Conservation of energy for the compressor for the isentropic case: 
ejn - e_out = DELTAe=0 for steady-flow" 
w_compisen = C_P*(T_s[2]-T[1]) 

"Actual compressor analysis:" 
w_comp = C_P*(T[2]-T[1]) 

"External heat exchanger analysis" 

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0 
ejn - e_out =DELTAe_cv =0 for steady flow" 
q_in_noreg = C_P*(T[3] - T[2]) 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 

"Turbine analysis" 

P[4] = P[3] /Pratio 

T_s[4] = T[3]*(1/Pratio) A ((k-1 )/k) 

"T_s[4] is the isentropic value of T[4] at turbine exit" 

Eta_t = w_turb /w_turbisen "turbine adiabatic efficiency, w_turbisen > w_turb" 

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
ejn -e_out = DELTAe_cv = 0 for steady-flow" 
wjurbisen = C_P*(T[3] - T_s[4]) 

"Actual Turbine analysis:" 
wjurb = C_P*(T[3] - T[4]) 

"Cycle analysis" 
w_net=wJurb-w_comp 

EtaJh_noreg=w_net/qJn_noreg*Convert(, %) "[%]" "Cycle thermal efficiency" 
Bwr=w_comp/wJurb "Back work ratio" 

"With the regenerator the heat added in the external heat exchanger is" 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


9-177 


q_in_withreg = C_P*(T[3] - T[5]) 

P[5]=P[2] 

"The regenerator effectiveness gives h[5] and thus T[5] as:" 
Eta.reg = (T[5]-T[2])/(T[4]-T[2]) 

"Energy balance on regenerator gives h[6] and thus T[6] as:" 
T[2] + T[4]=T[5] + T[6] 

P[6]=P[4] 

"Cycle thermal efficiency with regenerator" 
Eta_th_withreg=w_net/q_in_withreg*Convert(, %) "[%]" 


Tic 

nt 

T1th,noreg 

[%1 

Tlth,withreg 

[%1 

C|in,noreg 

[kJ/kg] 

Qin,withreg 

[kJ/kg] 

w net 

[kJ/kg] 

0.6 

0.9 

14.76 

13.92 

510.9 

541.6 

75.4 

0.65 

0.9 

20.35 

20.54 

546.8 

541.6 

111.3 

0.7 

0.9 

24.59 

26.22 

577.5 

541.6 

142 

0.75 

0.9 

27.91 

31.14 

604.2 

541.6 

168.6 

0.8 

0.9 

30.59 

35.44 

627.5 

541.6 

192 

0.85 

0.9 

32.79 

39.24 

648 

541.6 

212.5 

0.9 

0.9 

34.64 

42.61 

666.3 

541.6 

230.8 
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9-182 ■ tFU The effect of the number of compression and expansion stages on the thermal efficiency of an ideal 
regenerative Brayton cycle with multistage compression and expansion and air as the working fluid is to be 
investigated. 

Analysis Using EES, the problem is solved as follows: 


"Input data for air" 

C_P = 1.005 [kJ/kg-K] 
k = 1.4 

"Nstages is the number of compression and expansion stages" 
Nstages = 1 
T_6 = 1 200 [K] 

Pratio = 12 
T_1 = 300 [K] 

P_1= 100 [kPa] 

Eta_reg = 1.0 "regenerator effectiveness" 

Eta_c =1 .0 "Compressor isentorpic efficiency" 

Eta_t =1 .0 "Turbine isentropic efficiency" 

R_p = Pratio A (1 /Nstages) 

"Isentropic Compressor anaysis" 

T_2s = T_1*R_p A ((k-1)/k) 

P_2 = R_p*P_1 

"T_2s is the isentropic value of T_2 at compressor exit" 

Eta_c = w_compisen/w_comp 

"compressor adiabatic efficiency, W_comp > W_compisen" 

"Conservation of energy for the compressor for the isentropic case: 
ejn - e_out = DELTAe=0 for steady-flow" 
w_compisen = C_P*(T_2s-T_1 ) 

"Actual compressor analysis:" 
w_comp = C_P*(T_2 - T_1) 


"Since intercooling is assumed to occur such that T_3 = T_1 and the compressors have the same pressure ratio, 
the work input to each compressor is the same. The total compressor work is:" 
w_comp_total = Nstages*w_comp 
"External heat exchanger analysis" 

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0 
ejn - e_out =DELTAe_cv =0 for steady flow" 

"The heat added in the external heat exchanger + the reheat between turbines is" 
q_in_total = C_P*(T_6 - T_5) +(Nstages - 1)*C_P*(T_8 - T_7) 

"Reheat is assumed to occur until:" 

T_8 = T_6 
"Turbine analysis" 

P_7 = P_6 /R_p 

"T_7s is the isentropic value of T_7 at turbine exit" 

T_7s = T_6*(1/R_p) A ((k-1)/k) 

"Turbine adiabatic efficiency, w_turbisen > w_turb" 

Eta_t = w_turb /w_turbisen 

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
ejn -e_out = DELTAe_cv = 0 for steady-flow" 
wjurbisen = C_P*(T_6 - T_7s) 

"Actual Turbine analysis:" 
wjurb = C_P*(T_6 - T_7) 
wjurbjotal = Nstages*wjurb 

"Cycle analysis" 

w_net=w_turb_total-w_compJotal "[kJ/kg]" 

Bwr=w_comp/wJurb "Back work ratio" 

P 4=P 2 
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P_5=P_4 
P_6=P_5 
T_4 = T_2 

"The regenerator effectiveness gives T_5 as:" 

Eta_reg = (T_5 - T_4)/(T_9 - T_4) 

T_9 = T_7 

"Energy balance on regenerator gives T_10 as:" 

T_4 + T_9=T_5 + T_10 

"Cycle thermal efficiency with regenerator" 

Eta_th_regenerative=w_net/q_in_total*Convert(, %) "[%]" 

"The efficiency of the Ericsson cycle is the same as the Carnot cycle operating between the same max and min 
temperatures, T_6 and T_1 for this problem." 

Eta_th_Ericsson = (1 - T_1/T_6)*Convert(, %) "[%]" 


^1th,Ericksson 

r%i 

Tlth, Regenerative 

[%1 

Nstages 

75 

49.15 

1 

75 

64.35 

2 

75 

68.32 

3 

75 
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4 

75 

72.33 

7 

75 

73.79 

15 

75 

74.05 

19 

75 

74.18 
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Nstages 
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9-183 ““ The effect of the number of compression and expansion stages on the thermal efficiency of an ideal 
regenerative Brayton cycle with multistage compression and expansion and helium as the working fluid is to be 
investigated. 

Analysis Using EES, the problem is solved as follows: 


"Input data for Helium" 

C_P = 5.1926 [kJ/kg-K] 
k = 1.667 

"Nstages is the number of compression and expansion stages" 

{Nstages = 1} 

T_6 = 1 200 [K] 

Pratio = 12 
T_1 = 300 [K] 

P_1= 100 [kPa] 

Eta_reg = 1.0 "regenerator effectiveness" 

Eta_c =1 .0 "Compressor isentorpic efficiency" 

Eta_t =1 .0 "Turbine isentropic efficiency" 

R_p = Pratio A (1 /Nstages) 

"Isentropic Compressor anaysis" 

T_2s = T_1*R_p A ((k-1)/k) 

P_2 = R_p*P_1 

"T_2s is the isentropic value of T_2 at compressor exit" 

Eta_c = w_compisen/w_comp 

"compressor adiabatic efficiency, W_comp > W_compisen" 

"Conservation of energy for the compressor for the isentropic case: 
ejn - e_out = DELTAe=0 for steady-flow" 
w_compisen = C_P*(T_2s-T_1 ) 

"Actual compressor analysis:" 
w_comp = C_P*(T_2 - T_1) 

"Since intercooling is assumed to occur such that T_3 = T_1 and the compressors have the same pressure ratio, 
the work input to each compressor is the same. The total compressor work is:" 
w_comp_total = Nstages*w_comp 
"External heat exchanger analysis" 

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0 
ejn - e_out =DELTAe_cv =0 for steady flow" 

"The heat added in the external heat exchanger + the reheat between turbines is" 
q_in_total = C_P*(T_6 - T_5) +(Nstages - 1)*C_P*(T_8 - T_7) 

"Reheat is assumed to occur until:" 

T_8 = T_6 
"Turbine analysis" 

P_7 = P_6 /R_p 

"T_7s is the isentropic value of T_7 at turbine exit" 

T_7s = T_6*(1/R_p) A ((k-1)/k) 

"Turbine adiabatic efficiency, w_turbisen > w_turb" 

Eta_t = w_turb /w_turbisen 

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
ejn -e_out = DELTAe_cv = 0 for steady-flow" 
wjurbisen = C_P*(T_6 - T_7s) 

"Actual Turbine analysis:" 
wjurb = C_P*(T_6 - T_7) 
wjurbjotal = Nstages*wjurb 

"Cycle analysis" 

w_net=w_turb_total-w_comp_total 
Bwr=w_comp/wJurb "Back work ratio" 
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P_4=P_2 
P_5=P_4 
P_6=P_5 
T_4 = T_2 

"The regenerator effectiveness gives T_5 as:" 

Eta_reg = (T_5 - T_4)/(T_9 - T_4) 

T_9 = T_7 

"Energy balance on regenerator gives T_10 as:" 

T_4 + T_9=T_5 + T_10 

"Cycle thermal efficiency with regenerator" 

Eta_th_regenerative=w_net/q_in_total*Convert(, %) "[%]" 

"The efficiency of the Ericsson cycle is the same as the Carnot cycle operating between the same max and min 
temperatures, T_6 and T_1 for this problem." 

Eta_th_Ericsson = (1 - T_1/T_6)*Convert(, %) "[%]" 
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Fundamentals of Engineering (FE) Exam Problems 


9-184 An Otto cycle with air as the working fluid has a compression ratio of 10.4. Under cold air standard conditions, the 
thermal efficiency of this cycle is 

(a) 10% (b) 39% (c) 61% (d) 79% (e) 82% 


Answer (c) 61% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

r=1 0.4 
k=1 .4 

Eta_Otto=1-1/r A (k-1) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eta = 1/r "Taking efficiency to be 1/r" 

W2_Eta = 1/r A (k-1) "Using incorrect relation" 

W3_Eta = 1-1/r A (k1-1); kl =1.667 "Using wrong k value" 


9-185 For specified limits for the maximum and minimum temperatures, the ideal cycle with the lowest thermal efficiency is 
(a) Carnot (b) Stirling (c) Ericsson (d) Otto (e) All are the same 

Answer (d) Otto 


9-186 A Carnot cycle operates between the temperatures limits of 300 K and 2000 K, and produces 600 kW of net power. 
The rate of entropy change of the working fluid during the heat addition process is 

(a) 0 (b) 0.300 kW/K (c) 0.353 kW/K (d) 0.261 kW/K (e) 2.0 kW/K 


Answer (c) 0.353 kW/K 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

TL=300 "K" 

TH=2000 "K" 

Wnet=600 "kJ/s" 

Wnet= (TH-TL)*DS 

"Some Wrong Solutions with Common Mistakes:" 

W1_DS = Wnet/TH "Using TH instead of TH-TL" 

W2_DS = Wnet/TL "Using TL instead of TH-TL" 

W3_DS = Wnet/(TH+TL) "Using TH+TL instead of TH-TL" 
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9-187 Air in an ideal Diesel cycle is compressed from 2 L to 0.13 L, and then it expands during the constant pressure heat 
addition process to 0.30 L. Under cold air standard conditions, the thermal efficiency of this cycle is 

(a) 41% (b) 59% (c) 66% (d) 70% (e) 78% 


Answer (b) 59% 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

VI =2 "L" 

V2= 0.13 "L" 

V3= 0.30 "L" 
r=V1/V2 
rc=V3/V2 
k=1 .4 

Eta_Diesel=1 -(1/r A (k-1 ))*(rc A k-1 )/k/(rc-1 ) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eta = 1-(1/r1 A (k-1))*(rc A k-1)/k/(rc-1); r1=V1/V3 "Wrong r value" 

W2_Eta = 1-Eta_Diesel "Using incorrect relation" 

W3_Eta = 1-(1/r A (k1-1))*(rc A k1 -1)/k1/(rc-1); kl =1.667 "Using wrong k value" 

W4_Eta = 1-1/r A (k-1) "Using Otto cycle efficiency" 


9-188 Helium gas in an ideal Otto cycle is compressed from 20°C and 2.5 L to 0.25 L, and its temperature increases by an 
additional 700°C during the heat addition process. The temperature of helium before the expansion process is 

(a) 1790°C (b) 2060°C (c) 1240°C (d) 620°C (e) 820°C 


Answer (a) 1790°C 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

k=1 .667 
VI =2.5 
V2=0.25 
r=V1/V2 
T1 =20+273 "K" 

T2=T1*r A (k-1) 

T3=T2+700-273 "C" 

"Some Wrong Solutions with Common Mistakes:" 

W1_T3 =T22+700-273; T22=T1 *r A (k1 -1 ); kl =1 .4 "Using wrong k value" 

W2_T3 = T3+273 "Using K instead of C" 

W3_T3 = T1 +700-273 "Disregarding temp rise during compression" 

W4_T3 = T222+700-273; T222=(T1 -273)*r A (k-1) "Using C for T1 instead of K" 
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9-189 In an ideal Otto cycle, air is compressed from 1.20 kg/m and 2.2 L to 0.26 L, and the net work output of the cycle is 
440 kJ/kg. The mean effective pressure (MEP) for this cycle is 

(a) 612 kPa (b) 599 kPa (c) 528 kPa (d) 416 kPa (e) 367 kPa 


Answer (b) 599 kPa 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

rho1=1.20 "kg/m A 3" 
k=1.4 
VI =2.2 
V2=0.26 

m=rho1*V1/1000 "kg" 
w_net=440 "kJ/kg" 

Wtotal=m*w_net 
MEP=Wtotal/((V1 -V2)/1 000) 

"Some Wrong Solutions with Common Mistakes:" 

W1_MEP = w_net/((V1 -V2)/1 000) "Disregarding mass" 

W2_MEP = Wtotal/(V1/1 000) "Using VI instead of VI -V2" 

W3_MEP = (rhol *V2/1 000)*w_net/((V1 -V2)/1 000); "Finding mass using V2 instead of VI" 

W4_MEP = Wtotal/((V1+V2)/1000) "Adding VI and V2 instead of subtracting" 


9-190 In an ideal Brayton cycle, air is compressed from 95 kPa and 25°C to 1 100 kPa. Under cold air standard conditions, 
the thermal efficiency of this cycle is 

(a) 45% (b) 50% (c) 62% (d) 73% (e) 86% 


Answer (b) 50% 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =95 "kPa" 

P2=1 100 "kPa" 

T1 =25+273 "K" 

rp=P2/P1 

k=1.4 

Eta_Brayton=1 -i/rp A ((k-1 )/k) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eta = 1/rp "Taking efficiency to be 1/rp" 

W2_Eta = 1/rp A ((k-1)/k) "Using incorrect relation" 

W3_Eta = 1 -1/rp A ((k1 -1 )/k1 ); kl =1.667 "Using wrong k value" 
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9-191 Consider an ideal Brayton cycle executed between the pressure limits of 1200 kPa and 100 kPa and temperature limits 
of 20°C and 1000°C with argon as the working fluid. The net work output of the cycle is 

(a) 68 kJ/kg (b) 93 kJ/kg (c) 158 kJ/kg (d) 186 kJ/kg (e) 3 10 kJ/kg 


Answer (c) 158 kJ/kg 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =100 "kPa" 

P2=1 200 "kPa" 

T1 =20+273 "K" 

T3=1 000+273 "K" 

rp=P2/P1 

k=1 .667 

Cp=0.5203 "kJ/kg. K" 

Cv=0.3122 "kJ/kg. K" 

T2=T1*rp A ((k-1)/k) 

qJn=Cp*(T3-T2) 

Eta_Brayton=1 -1 /rp A ((k-1 )/k) 
w_n et= E ta_B rayto n *q_i n 

"Some Wrong Solutions with Common Mistakes:" 

W1_wnet = (1-1/rp A ((k-1)/k))*qin1; qin1=Cv*(T3-T2) "Using Cv instead of Cp" 

W2_wnet = (1 -1/rp A ((k-1 )/k))*qin2; qin2=1 .005*(T3-T2) "Using Cp of air instead of argon" 

W3_wnet = (1 -1/rp A ((k1 -1 )/k1 ))*Cp*(T3-T22); T22=T1 *rp A ((k1 -1 )/k1 ); kl =1 .4 "Using k of air instead of argon" 
W4_wnet = (1-1/rp A ((k-1)/k))*Cp*(T3-T222); T222=(T1-273)*rp A ((k-1)/k) "Using C for T1 instead of K" 


9-192 An ideal Brayton cycle has a net work output of 150 kJ/kg and a hackwork ratio of 0.4. If both the turbine and the 
compressor had an isentropic efficiency of 85%, the net work output of the cycle would be 

(a) 74 kJ/kg (b) 95 kJ/kg (c) 109 kJ/kg (d) 128 kJ/kg (e) 177 kJ/kg 


Answer (b) 95 kJ/kg 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

wcomp/wturb=0.4 
wturb-wcomp=150 "kJ/kg" 

Eff=0.85 

w_net=Eff*wturb-wcomp/Eff 

"Some Wrong Solutions with Common Mistakes:" 

W1_wnet = Eff*wturb-wcomp*Eff "Making a mistake in Wnet relation" 

W2_wnet = (wturb-wcomp)/Eff "Using a wrong relation" 

W3_wnet = wturb/eff-wcomp*Eff "Using a wrong relation" 
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9-193 In an ideal Brayton cycle, air is compressed from 100 kPa and 25°C to 1 MPa, and then heated to 927°C before 
entering the turbine. Under cold air standard conditions, the air temperature at the turbine exit is 

(a) 349°C (b) 426°C (c) 622°C (d) 733°C (e) 825°C 


Answer (a) 349°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =100 "kPa" 

P2=1000 "kPa" 

T1 =25+273 "K" 

T3=900+273 "K" 

rp=P2/P1 

k=1.4 

T4=T3*(1/rp) A ((k-1)/k)-273 

"Some Wrong Solutions with Common Mistakes:" 

W1_T4 = T3/rp "Using wrong relation" 

W2_T4 = (T3-273)/rp 'Using wrong relation" 

W3_T4 = T4+273 "Using K instead of C" 

W4_T4 = T1 +800-273 "Disregarding temp rise during compression" 


9-194 In an ideal Brayton cycle with regeneration, argon gas is compressed from 100 kPa and 25°C to 400 kPa, and then 
heated to 1200°C before entering the turbine. The highest temperature that argon can be heated in the regenerator is 

(a) 246°C (b) 846°C (c) 689°C (d) 368°C (e) 573°C 


Answer (e) 573°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

k=1 .667 

Cp=0.5203 "kJ/kg.K" 

PI =100 "kPa" 

P2=400 "kPa" 

T1 =25+273 "K" 

T3=1 200+273 "K" 

"The highest temperature that argon can be heated in the regenerator is the turbine exit temperature," 
rp=P2/P1 

T2=T1*rp A ((k-1)/k) 

T4=T3/rp A ((k-1)/k)-273 

"Some Wrong Solutions with Common Mistakes:" 

W1_T4 = T3/rp "Using wrong relation" 

W2_T4 = (T3-273)/rp A ((k-1 )/k) "Using C instead of K for T3" 

W3_T4 = T4+273 "Using K instead of C" 

W4_T4 = T2-273 "Taking compressor exit temp as the answer" 
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9-195 In an ideal Brayton cycle with regeneration, air is compressed from 80 kPa and 10°C to 400 kPa and 175°C, is heated 
to 450°C in the regenerator, and then further heated to 1000°C before entering the turbine. Under cold air standard 
conditions, the effectiveness of the regenerator is 

(a) 33% (b) 44% (c) 62% (d) 77% (e) 89% 


Answer (d) 77% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

k=1.4 

Cp=1 .005 "kJ/kg.K" 

PI =80 "kPa" 

P2=400 "kPa" 

T1 =10+273 "K" 

T2=1 75+273 "K" 

T3=1 000+273 "K" 

T5=450+273 "K" 

"The highest temperature that the gas can be heated in the regenerator is the turbine exit temperature," 
rp=P2/P1 

T2check=T 1 *rp A ((k-1 )/k) "Checking the given value of T2. It checks." 

T4=T3/rp A ((k-1)/k) 

Effective=(T5-T 2)/(T 4-T 2) 

"Some Wrong Solutions with Common Mistakes:" 

W1_eff = (T5~-T2)/(T3-T2) "Using wrong relation" 

W2_eff = (T5-T2)/(T44-T2); T44=(T3-273)/rp A ((k-1 )/k) "Using C instead of K for T3" 

W3_eff = (T5-T 2)/(T 444-T 2) ; T444=T3/rp Using wrong relation for T4" 


9-196 Consider a gas turbine that has a pressure ratio of 6 and operates on the Brayton cycle with regeneration between the 
temperature limits of 20°C and 900°C. If the specific heat ratio of the working fluid is 1.3, the highest thermal efficiency this 
gas turbine can have is 

(a) 38% (b) 46% (c) 62% (d) 58% (e) 97% 


Answer (c) 62% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

k=1 .3 
rp=6 

T1 =20+273 "K" 

T3=900+273 "K" 

Eta_regen=1-(T1/T3)*rp A ((k-1)/k) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eta = 1-((T1 -273)/(T3-273))*rp A ((k-1)/k) "Using C for temperatures instead of K" 

W2_Eta = (T1/T3)*rp A ((k-1)/k) "Using incorrect relation" 

W3_Eta = 1 -(T1/T3)*rp A ((k1 -1 )/k1 ); kl =1 .4 "Using wrong k value (the one for air)" 
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9-197 An ideal gas turbine cycle with many stages of compression and expansion and a regenerator of 100 percent 
effectiveness has an overall pressure ratio of 10. Air enters every stage of compressor at 290 K, and every stage of turbine at 
1200 K. The thermal efficiency of this gas-turbine cycle is 

(a) 36% (b) 40% (c) 52% (d) 64% (e) 76% 


Answer (e) 76% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

k=1 .4 
rp=10 

T1=290 M K M 
T3=1200 "K" 

Eff=1-T1/T3 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eta= 100 

W2_Eta = 1-1/rp A ((k-1)/k) "Using incorrect relation" 

W3_Eta = 1-(T1/T3)*rp A ((k-1)/k) "Using wrong relation" 

W4_Eta = T1/T3 "Using wrong relation" 


9-198 Air enters a turbojet engine at 320 m/s at a rate of 30 kg/s, and exits at 650 m/s relative to the aircraft. The thrust 
developed by the engine is 

(a) 5 kN (b)10kN (c) 15 kN (d)20kN (e) 26 kN 


Answer (b) 10 kN 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Veil =320 "m/s" 

Vel2=650 "m/s" 

Thrust=m*(Vel2-Vel1 )/1 000 "kN" 
m= 30 "kg/s" 

"Some Wrong Solutions with Common Mistakes:" 

W1_thrust = (Vel2-Vel1)/1000 "Disregarding mass flow rate" 

W2_thrust = m*Vel2/1000 "Using incorrect relation" 
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Carnot Vapor Cycle 


10-2 


10-1C The Carnot cycle is not a realistic model for steam power plants because (1) limiting the heat transfer processes to 
two-phase systems to maintain isothermal conditions severely limits the maximum temperature that can be used in the 
cycle, (2) the turbine will have to handle steam with a high moisture content which causes erosion, and (3) it is not practical 
to design a compressor that will handle two phases. 


10-2E A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The thermal efficiency, 
the quality at the end of the heat rejection process, and the net work output are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) We note that 


and 


Th - -^s at @4 00 psia - 444. 6°F - 904.6 R 
T L =T sat@20psia = 227.9°F = 687.9 R 


/7 th c = 1 - = 1 - 687 ' 9 R = 0.2395 = 24.0% 


T 


H 


904.6 R 


(, b ) Noting that s 4 = s\ = Sy@ 400 psia = 0.62168 Btu/lbm- R, 


^4 s f 



0.62168-0.3358 

1.3961 


0.205 



(c) The enthalpies before and after the heat addition process are 


h\ =h f@ 400 psia = 424.13 Btu/lbm 

h 2 =h f +x 2 h fg =424.13 + (0.95)(780.87)= 1 166.0 Btu/lbm 

Thus, 

q in =h 2 -h l =1166.0- 424.13 = 741.8 Btu/lbm 
and 

H'net =Vth<l,n = (0.2395X741 .8 Btu/lbm) = 1 78 Btu/lbm 
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10-3 A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The thermal efficiency, 
the amount of heat rejected, and the net work output are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) Noting that T H = 250°C = 523 K and T L = T sat @ 20 kPa = 60.06°C = 333.1 K, the thermal efficiency becomes 


^7 th,C 


T 333 1 K 

= 1 - = l- — = 0.3632 = 36.3% 

T h 523 K 


(b) The heat supplied during this cycle is simply the enthalpy of 
vaporization, 


4in = h 


Thus, 


fg@ 25CfC 


T 


= 1715.3 kJ/kg 


_ _ L 

<7out — — m <7in ~ 


T 


H 


^ 333. 1 K" 
523 K 


(1715.3 kl/kg) = 1092.3 kJ/kg 


(c) The net work output of this cycle is 



w net =//„//,,, = (0.3632X1715.3 kJ/kg) = 623.0kJ/kg 


10-4 A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The thermal efficiency, 
the amount of heat rejected, and the net work output are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) Noting that T H = 250°C = 523 K and T L = r sat @ iokPa = 45.81 °C = 318.8 K, the thermal efficiency becomes 


VthX 


1 T L 1 318.8 K 

1 — = 1 

T h 523 K 


39.04% 


( b ) The heat supplied during this cycle is simply the enthalpy of 
vaporization, 


Thus, 


#in ~hfg@ 25CPC -12 15.3 kJ/kg 


^out = Ql 


Tl 

T h 


<7in 


"318.8K" 

. 523 K , 


(1715.3 kJ/kg) = 1045.6 kJ/kg 


(c) The net work output of this cycle is 

w ne t = ?7th = (0.3904X1715.3 kJ/kg) = 669.7 kJ/kg 
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10-5 A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The thermal efficiency, 
the pressure at the turbine inlet, and the net work output are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The thermal efficiency is determined from 




(c) The net work can be determined by calculating the enclosed area on the T-s diagram, 
s 4 =s f +X 4 s fg =0.8313 + (0.l)(7.0769) = 1.5390 kJ/kg • K 

Thus, 

w net = Area = (T^ -T l \s 3 -s 4 )=(350-60)(7.1368-1.5390) = 1623 kJ/kg 


The Simple Rankine Cycle 

10-6C Heat rejected decreases; everything else increases. 

10-7C Heat rejected decreases; everything else increases. 

10-8C The pump work remains the same, the moisture content decreases, everything else increases. 


10-9C The actual vapor power cycles differ from the idealized ones in that the actual cycles involve friction and pressure 
drops in various components and the piping, and heat loss to the surrounding medium from these components and piping. 


10-10C We would reject this proposal because w turb -h x - h 2 - q ou t, and any heat loss from the steam will adversely affect 
the turbine work output. 


10-11C Yes, because the saturation temperature of steam at 10 kPa is 45.8 1°C, which is much higher than the temperature 
of the cooling water. 
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10-12 A steam power plant operates on a simple ideal Rankine cycle between the specified pressure limits. The thermal 
efficiency of the cycle and the net power output of the plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 


Thus, 


and 


h\ — hf@ sokPa — 340.54 kJ/kg 
V\ = Vf@ 50 kPa = 0.001030 m 3 /kg 

™ P ,m = ( P 2 - P \ ) 

= (0.001030 m 3 /kg 

= 3.04 kJ/kg 
h 2 =h l +w p in = 340.54 + 3.04 = 343.58 kJ/kg 


)(3000-50)kPa 


lkJ 


1 kPa-m 


P 3 = 3 MPa 
T 3 = 300 °C J 

P 4 = 50 kPa 


h 3 = 2994.3 kJ/kg 
= 6.5412 kJ/kg -K 


S A = s- 


s 4 ~ s f 6.5412-1.0912 


>x A = 


Sfg 6.5019 


= 0.8382 


h 4 =h f +x 4 h fg =340.54 + (0.8382X2304.7) 
= 2272.3 kJ/kg 


4in = h 3 - h 2 = 2994.3 - 343.58 = 2650.7 kJ/kg 
q out =h 4 - h x = 2272.3 - 340.54 = 193 1 .8 kJ/kg 
v^net = *7 in “ ^out = 2650.7 - 193 1 .8 = 7 1 8.9 kJ/kg 



7] th =1-^=1-^^ = 21.1% 




in 


2650.7 


(b) 


+net = mw net = (35 kg/s )(7 18.9 kJ/kg)= 25.2MW 
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10-13 A simple ideal Rankine cycle with R-134a as the working fluid is considered. The turbine inlet temperature, the cycle 
thermal efficiency, and the back- work ratio of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 


P\ - ^sat @ 24 °c - 646.2 kPa 
h x = h f@ 24 o C = 84.98 kJ/kg 

v x = V/@ 24 °c = 0.0008260 m 3 /kg 


w 


p,in 


= v x (P 2 -Pi) 


= (0.0008260 m/kg)(2000 - 646.2)kPa 
= 1.1 18 kJ/kg 

h 2 =h x +w p4n =84.98 + 1.118 = 86.09 kJ/kg 


lkJ 


1 kPa • m 3 



T 4 = 24°C 1 h 4 =h f + x 4 h fg =84.98 + (0.93)(178.74) = 25 1.21 kJ/kg 

x 4 = 0.93 j s 4 = s f + x 4 s fg = 0.31959 + (0.93)(0.60148) = 0.87897 kJ/kg • K 


P 3 =2000kPa 

£3 = ^4 =0.87897 kJ/kg -K 


h 3 =272.29 kJ/kg 

T 3 =67.5°C 


Thus, 


q. m = h 3 - h 2 = 272.29 - 86.09 = 186.2 kJ/kg 
q out = h 4 -h x =251.21 -84.98 = 166.2 kJ/kg 


The thermal efficiency of the cycle is 


17 *=1-^ = 1-1^ = 0.1072 = 10.7% 
q m 186.2 


The back- work ratio is determined from 


w 


r bw = 


P,in 


Wr 


T,out 


Wp ^_ ■ = 1.118 kJ/kg = 0.0530 

h 3 - h 4 (272.29 - 251.21) kJ/kg 
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10-14 A simple ideal Rankine cycle with water as the working fluid is considered. The work output from the turbine, the 
heat addition in the boiler, and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 


P\ ~ Aat @ 40°c _ 7.385 kPa 
P 2 = @ 30cpc = 8588 kPa 

h x = h j-@ 4Q°c — 167.53 kJ /kg 

c/j =Vf@ 4o°c = 0.001008 m 3 /kg 


w 


p,in 


h 2 


= ^(P 2 -P0 

= (0.001008 m 3 /kg)(8588-7.385)kPa 
= 8.65 kJ/kg 


r lkJ 3 
lkPa-m 3 


= h x + w p in = 167.53 + 8.65 = 176. 18 kJ/kg 



T 3 = 300°C 
x 3 = l 


h 3 =2749.6 kJ/kg 
s 3 = 5.7059 kJ/kg -K 


t 4 = 40°c 

^4 = ^3 


s *~ s f 5.7059-0.5724 n ^ 01 

x d = = = 0.6681 

s fg 7.6832 

h 4 =h f +x 4 h fg =167.53 + (0.6681)(2406.0) = 1775.1 kJ/kg 


Thus, 

w Tout = h 3 -/t 4 =2749.6 -1775.1 = 974.5k J/kg 
q m =h 3 -h 2 = 2749.6-176.18 = 2573.4kJ/kg 
q out =h 4 -h x =1775.1 -167.53 = 1607.6 kJ/kg 

The thermal efficiency of the cycle is 


7th 


1 


4out 


7in 


1607.6 

2573.4 


0.375 
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10-15E A simple ideal Rankine cycle with water as the working fluid operates between the specified pressure limits. The 
turbine inlet temperature and the thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential 
energy changes are negligible. 

Analysis From the steam tables (Tables A-4E, A-5E, and A- 6 E), 
h\ - h/@ 5 psia = 130.18 Btu/lbm 
»i =v /@5psia =0.01641 ft 3 /lbm 


W 


p,in 


= ^(P 2 -P0 

= (0.01641 1 3 /lbm)(2500-5)psia 
= 7.58 Btu/lbm 


1 Btu 


5. 404 psia- 1 


h 2 = h x + w p in = 130.18 + 7.58 = 137.76 Btu/lbm 



P 4 = 5 psia | h 4 = hf + x 4 h jg = 130. 18 + (0.80)(1000.5) = 930.58 Btu/lbm 
x 4 =0.80 ^4 =Sj- + x 4 s j g = 0.23488 + (0.80)(1. 60894) = 1.52203 Btu/lbm- R 


P 3 = 2500 psia 

= s 4 = 1.52203 Btu/lbm- R 


h 3 = 1450.8 Btu/lbm 

T 3 =989.2°F 


Thus, 


q m =h 3 -h 2 =1450.8 -137.76 = 1313. OBtu/lbm 
q out = h 4 -h x =930.58-130.18 = 800.4 Btu/lbm 


The thermal efficiency of the cycle is 


*7th =1 


^OUt 


<h 


in 


800.4 

1313.0 


0.390 
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10-16 A steam power plant that operates on a simple ideal Rankine cycle is considered. The quality of the steam at the 
turbine exit, the thermal efficiency of the cycle, and the mass flow rate of the steam are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) From the steam tables (Tables A-4, A-5, and A-6), 

h\ = h/@ iokPa = 191.81 kJ/kg 


"l = v /@ iokPa =0.00101 m 3 /kg 

>,in = U \ (^2 “ P \ ) 


= (0.00101 m7kgj(l 0,000 - 10 kPaJ 

{ 1 kPa • nr 

= 10.09 kJ/kg v 

h 2 =h x + w p in = 191.81 + 10.09 = 201.90 kJ/kg 

P 3 = 10 MPa )h 3 = 3375. 1 kJ/kg 
r 3 =500°C \s 3 =6.5995 kJ/kg K 



P A = 10 kPa 


Sa = s 


, 4 =^ = ^ 95 --- Q -^=0.7934 

s fg 7 - 4996 


h 4 =h f + x 4 h fg =191.81 + (0.7934X2392.1) = 2089.7 kJ/kg 

<? in =h 3 -h 2 =3375.1-201.90 = 3173.2 kJ/kg 
q out =h 4 -h x =2089.7 -191.81 = 1897.9 kJ/kg 
w net = q m - <7 ou t = 3 173.2 - 1 897.9 = 1275.4 kJ/kg 


, fa =^L= 1275 4 tJ/t g = 40.2% 

<? in 3 173.2 kJ/kg 


W net _ 210,000 kJ/s 
w net 1275.4 kJ/kg 


= 164.7 kg/s 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



10-10 


10-17 A steam power plant that operates on a simple nonideal Rankine cycle is considered. The quality of the steam at the 
turbine exit, the thermal efficiency of the cycle, and the mass flow rate of the steam are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 


h\ - hf@ 10 kPa - 191.81 kJ/kg 

‘'l =t/ f@10kPa =°- 00101m3/k g 


w 


(b) 


f@ 10 
i, in = V l ( P 2 ~ F \ )' H 


P 


and 


= 0.00101m 


/kg)(l0, 


000-10 kPa 


lkJ 


1 kPa-m 


/(0.85) 


= 11.87 kJ/kg 
h 2 =h l +w pin =191.81 + 11. 87 = 203.68 kJ/kg 


P 3 =10 MPa 
T 3 = 500 °C 

P 4s = 10 kPa 


h 3 =3375.1 kJ/kg 
s 3 =6.5995 kJ/kg -K 


S 4s = s : 


x 4s = 


s 4s~ s 


f 6.5995-0.6492 


fg 


7.4996 


= 0.7934 


h 4s =h f +x 4 h fg =191.81 + (0.7934X2392.1) =2089.7 kJ/kg 


r/T = 


h 3 - h 4 
h-i - h 4s 


■> h 4 = h 3 - n T (h 3 -h 4s ) 

= 3375. 1 - (0.85X3375.1 - 2089.7) = 2282.5 kJ/kg 


P 4 = 10 kPa 
h 4 = 2282.5 kJ/kg 


x 4 = 


h 4 -hf 


h 


fg 


2282.5-191.81 

2392.1 


= 0.874 


q m =h 3 -/i 2 = 3375.1-203.68 = 3171.4 kJ/kg 
q out = h 4 -h x = 2282.5-191.81 = 2090.7 kJ/kg 


w, 


net 


= q in - q out = 3171.4 - 2090.7 = 1080.7 kJ/kg 


»y, = 1080.7 kJ/kg . 34]% 


q m 3171.5 kJ/kg 



(c) 


. W net 210,000 kJ/s . 

m = — — = = 194.3 kg/s 


w, 


net 


1080.7 kJ/kg 
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10-18E A simple steam Rankine cycle operates between the specified pressure limits. The mass flow rate, the power 
produced by the turbine, the rate of heat addition, and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4E, A-5E, and A-6E), 

h \ = h f@ 2psia = 94.02 Btu/lbm 
t/j = t/ 2ps ia = 0.016230 ft 3 /lbm 

pjn “ v \ (^2 _ ^1 ) 

= (0.016230 ft 3 /lbm)(1500 - 2)psia 
= 4.50 Btu/lbm 


w 


1 Btu 


5.404 psia • ft 


h 2 =h x + w p ^ n = 94.02 + 4.50 = 98.52 Btu/lbm 


P 3 = 1500 psia 
T 3 = 800°F 


/z 3 =1363.1 Btu/lbm 
s 3 =1.5064 Btu/lbm - R 



P 4 = 2 psia 


s A = s- 


s *- s f 1.5064-0.1750 
x 4s = = = 0.7633 


fg 


1.7444 


77t = 


h 3 - h 4 


h ~ h As 


h 4s =h f +x 4s h fg =94.02 + (0.7633X1021.7) = 873.86 Btu/lbm 
> h 4 =h 3 - r/ r (/i 3 -h 4s ) = 1363.1 -(0.90X1363.1 -873.86) = 922.79 kJ/kg 


Thus, 


q. m =h 3 -h 2 =1363. 1-98.52 = 1264.6 Btu/lbm 
q out = h 4 - h x = 922.79 - 94.02 = 828.8 Btu/lbm 
Wnet = ^in _ ^out “ 1264.6 - 828.8 = 435.8 Btu/lbm 

The mass flow rate of steam in the cycle is determined from 


Wnet = « m 'net 


->m = 


W, 


net 


2500 kJ/s 


f 


w 


net 


435. 8 Btu/lbm 


0.94782 Btu 


A 


lkJ 


= 5.437lbm/s 


J 


The power output from the turbine and the rate of heat addition are 


W 


T,out 


= m(h 3 -h 4 ) = (5.437 lbm/s)(1363. 1- 922.79)Btu/lbnJ 


lkJ 




0.94782 Btu 


= 2526kW 


Q m = mq m = (5.437 lbm/s)(1264.6Btu/lbm)=6876Btu/s 
and the thermal efficiency of the cycle is 


VF. 


net 


2500 kJ/s 


71 th Q. 6876 Btu/s 


0.94782 Btu 


A 


in 


lkJ 


= 0.3446 = 34.5% 


J 
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10-19E A simple steam Rankine cycle operates between the specified pressure limits. The mass flow rate, the power 
produced by the turbine, the rate of heat addition, and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4E, A-5E, and A-6E), 


h\ =h f@ 2ps ia = 94.02 Btu/lbm 
v x = i/ /@ 2 P sia ” 0.016230 ft 3 /lbm 


w 


pjn 


h 2 


= Vi(P 2 -Pi) 

= (0.016230 ft 3 /lbm)(1500 - 2)psia 
= 4.50 Btu/lbm 


1 Btu 


\ 


^ 5.404 psia • ft 3 J 


= h x + w p4n = 94.02 + 4.50 = 98.52 Btu/lbm 


P 3 = 1500 psia 
T 3 = 800°F 


h 3 =1363.1 Btu/lbm 
^3 =1.5064 Btu/lbm - R 



P 4 = 2 psia 
^4 = ^3 


^4 Sj- 

X 4 , = = 

S f8 

h As =h f +x 4s h 


1.5064-0.1750 _ Q 7633 
1.7444 

fg = 94.02 + (0.7633)(1021 .7) = 873.86 Btu/lbm 


77t = 


h 3 - h 4 


h 3 — h 4s 


->h 4 = h 3 


- r/ T ( h 3 -h 4s ) = 1363.1 - (0.90)(1363.1 - 873.86) = 922.79 kJ/kg 


The mass flow rate of steam in the cycle is determined from 



= m(h 3 — h 4 ) > m = 


W. 


net 


h 3 - h 4 


2500 kJ/s 

(1363. 1-922.79) Btu/lbm 


f 0.94782 Btu 
V TkJ y 


5.381 lbm/s 


The rate of heat addition is 


( 


Q m = m(h 3 — /z 2 ) = (5.381 lbm/s )( 1 363 . 1 - 98 .52)B tu/lbd 


lkJ 


0.94782 Btu 


= 6805 Btu/s 


and the thermal efficiency of the cycle is 


VF 


net 


2500 kJ/s 


^ th 6805 Btu/s 


0.94782 Btu 




in 


lkJ 


= 0.3482 


J 


The thermal efficiency in the previous problem was determined to be 0.3446. The error in the thermal efficiency caused by 
neglecting the pump work is then 


Error = 


0.3482 - 0.3446 
0.3446 


x 100 = 1.03% 
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10-20E A steam power plant that operates on a simple ideal Rankine cycle between the specified pressure limits is 
considered. The minimum turbine inlet temperature, the rate of heat input in the boiler, and the thermal efficiency of the 
cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and 

potential energy changes are negligible. ^ ^ 


Analysis {a) From the steam tables (Tables A-4E, A-5E, and A-6E), 
h x - hj@ 2 ps ia = 94.02 Btu/lbm 


v x = Vf@ 2 psia = 0.01623 t /lbm 

>,in “ v \{Pl ~ ^l) 

= (o. 01 623 ft 3 /lbm)(l250 - 2 psia 
= 3.75 Btu/lbm 


1 Btu 

5.4039 psia • ft 


h 2 =h 1 + w p in = 94.02 + 3.75 = 97.77 Btu/lbm 

h 4 =h f + x 4 h fg =94.02 + (0.9Xl021.7) = 1013.6 Btu/lbm 
s 4 =s f + x 4 s fg = 0.17499 + ( 0 . 9 X 1 . 74444) = 1.7450 Btu/lbm- R 

P 3 = 1250 psia I h 3 = 1693.4 Btu/lbm 

£3 = }T 3 = 1337°F 

Q m =m(h 3 -h 2 )={ 15 lbm/sXl693.4 - 97.77)=119,672Btu/s 

Gout = ™( h 4 ~h ] )= (75 lbm/s)(l013.6- 94.02) = 68,967 Btu/s 

7 ,„,|-^.|- 68 - 967 Bl “ ,S =42.4% 

Q 119,672 Btu/s 


1250 psia\ 
Qin 

2 psia } 


4 \ 

x 4 = 0.9 
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10-21E A steam power plant operates on a simple nonideal Rankine cycle between the specified pressure limits. The 
minimum turbine inlet temperature, the rate of heat input in the boiler, and the thermal efficiency of the cycle are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential 
energy changes are negligible. 

Analysis {a) From the steam tables (Tables A-4E, A-5E, and A-6E), 
h \= h f@2 psia = 94.02 Btu/lbm 
‘'i =^/@ 2 psia = 0.01623 ft 3 /lbm 


w 


p, in 


h 2 


= (o. 01 623 ft 3 /lbm)(l250-2psia 

= 4.41 Btu/lbm 
= h x + w p in = 94.02 + 4.41 = 98.43 Btu/lbm 


1 Btu 


5.4039 psia -ft 


/ 0.85 


h 4 =h f + x 4 h fg =94.02 + (0.9X1021.7) = 1013.6 Btu/lbm 
s 4 =s f +x 4 s fg =0.17499 + (0.9Xl.74444) = 1.7450 Btu/lbm- R 



The turbine inlet temperature is determined by trial and error , 
Try 1: 


Try 2: 


P 3 = 1250 psia 
T 3 = 900°F 


h 3 = 1439.0 Btu/lbm 


* 4 , = 


S 4s s 


f 


s 3 =1.5826 Btu/lbm. R 

^3 ~ s f _ 1.5826-0.17499 
1.74444 


= 0.8069 


s fg s f8 

h 4s =h f +x 4s h fg = 94.02 + (0.8069)(l 021.7) = 918.4 Btu/lbm 
h 3 -h 4 1439.0-1013.6 


tIt = 


h 3 -h 4s 1439.0-918.4 


= 0.8171 


P 3 = 1250 psia 
T 3 =1000°F 


h 3 =1498.6 Btu/lbm 
= 1.6249 Btu/lbm.R 


S 4s s 


X 4s = 


f 


s 3~ s f 1.6249-0.17499 


1.74444 


= 0.8312 


s fg s fs 

h 4s =h f +x 4s h f = 94.02 + (0.8312Xl 021.7) = 943.3 Btu/lbm 


r/ T = 


7 

h 3 - h 4 

h 3 - h 4 s 


1498.6- 1013.6 

1498.6- 943.3 


= 0.8734 


By linear interpolation, at pj- = 0.85 we obtain T 3 = 958. 4°F. This is approximate. We can determine state 3 exactly using 
EES software with these results: T 3 = 955.7°F, h 3 = 1472.5 Btu/lbm. 

(h) Q m = m(h 3 -h 2 ) = (75 lbm/sXl472. 5 - 98.43) = 103,055 Btu/s 
(c) 0 out = m{h 4 -/i 1 )=(751bm/sXl013.6-94.02) = 68,969 Btu/s 

, ih ,i 

Q m 103,055 Btu/s 
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10-22 A simple Rankine cycle with water as the working fluid operates between the specified pressure limits. The rate of 
heat addition in the boiler, the power input to the pumps, the net power, and the thermal efficiency of the cycle are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 

P x = 50 kPa h x = hf @ 75 o C =3 14.03 kJ/kg 

T\ = T sat @ 50 kPa — 6-3 = 81*3 — 6.3 = 75°C v x = v 7 $°c = 0.001026 m /kg 


Thus, 


>Vn = (P 2 ~ P 1 ) 

= (0.001026 m 3 /kg)(6000 - 50)kPa 
= 6. 10 kJ/kg 


lkPam 3 


'6 MPa 


h 2 =/ 7 , +w p>in = 314.03 + 6.10 = 320.13kJ/kg 

P 3 = 6000 kPa 1 h 3 =3302.9 kJ/kg 
r 3 = 450°C J s 3 = 6.7219 kJ/kg - K 

P 4 = 50 kPa 1 x 4s = ^—L = 6-7219-1.0912 = Q 866Q 


50 kPa 


4^ 4 


Sa = S 


6.5019 


V t = 


h 3 -h 4 

h-K 


h 4s = h f + x 4s h fg = 340.54 + (0.8660)(2304.7) = 2336.4 kJ/kg 


h 4 = h 3 -77 T (/7 3 -h 4s ) = 3302.9 -(0.94X3302.9 -2336.4) = 2394.4 kJ/kg 


Gin =m(h 3 -h 2 ) = (20kg/s)(3302.9-320.13)kJ/kg = 59,660kW 
M> x ,out = m(h 3 -h 4 ) = (20kg/s)(3302.9-2394.4)kJ/kg = 18,170kW 
W PM = mw Vm = (20 kg/s)(6. 10 kJ/kg) = 1 22kW 
^net =WT > 0 u,-Wp,in = 18,170 - 122 = 1 8, 050k W 


jl = ^t = 18^ = 0.3025 

G, 59,660 
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10-23 The change in the thermal efficiency of the cycle in Prob. 10-22 due to a pressure drop in the boiler is to be 

determined. 

Analysis We use the following EES routine to obtain the solution. 


"Given" 

P[2]=6000 [kPa] 

DELTAP=50 [kPa] 

P[3]=6000-DELTAP [kPa] 

T[3]=450 [C] 

P[4]=50 [kPa] 

Eta T=0.94 

DELTAT_subcool=6.3 [C] 

T[1]=temperature(Fluid$, P=P[1], x=x[1])-DELTAT_subcool 
m_dot=20 [kg/s] 

"Analysis" 

Fluid$='steamjapws' 

P[1]=P[4] 

x[1]=0 

h[1]=enthalpy(Fluid$, P=P[1], T=T[1]) 
v[1]=volume(Fluid$, P=P[1], T=T[1]) 
w p_in=v[1 ]*(P[2]-P[1 ]) 
h[2]=h[1]+w_p_in 

h[3]=enthalpy(Fluid$, P=P[3], T=T[3]) 
s[3]=entropy(Fluid$, P=P[3], T=T[3]) 
s[4]=s[3] 

h_s[4]=enthalpy(Fluid$, P=P[4], s=s[4]) 
Eta_T=(h[3]-h[4])/(h[3]-h_s[4]) 
q_in=h[3]-h[2] 
q_out=h[4]-h[1] 
w_net=q_in-q_out 
Eta_th= 1 -q_out/q_in 

Solution 

DELTAP=50 [kPa] 

Eta_th=0.3022 
h[2]=320.21 [kJ/kg] 
h_s[4]=2338.1 [kJ/kg] 

P[2]=6000 
q_in=2983.4 [kJ/kg] 
s[4]=6.7265 [kJ/kg-K] 
v[1 ]=0.001026 [m A 3/kg] 
x[1]=0 


DELTAT_subcool=6.3 [C] 
Fluid$='steam_iapws' 
h[3]=3303.64 [kJ/kg] 
m_dot=20 [kg/s] 
P[3]=5950 

q_out=2081.9 [kJ/kg] 
T[1]=75.02 [C] 
w_net=901.5 [kJ/kg] 


Eta_T=0.94 

h[1 ]=31 4. 1 1 [kJ/kg] 

h[4]=2396.01 [kJ/kg] 

P[1]=50 

P[4]=50 

s[3]=6.7265 [kJ/kg-K] 
T[3]=450 [C] 
w_p_in=6.104 [kJ/kg] 


Discussion The thermal efficiency without a pressure drop was obtained to be 0.3025. 
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10-24 The net work outputs and the thermal efficiencies for a Carnot cycle and a simple ideal Rankine cycle are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) Rankine cycle analysis: From the steam tables (Tables A-4, A-5, and A-6), 


h\ - hf@ 50 kPa - 340.54 kJ/kg 
={/ f @ sokPa = 0.001030 m 3 /kg 

Wp , in =V\i P 2 ~ P l) 

= (o. 001030 m 3 

= 5.10 kJ/kg 
h 2 =h l + w p4n = 340.54 + 5.10 = 345.64 kJ/kg 



)(5000 - 50)kPa 

' lkJ 

'i 


^1 kPa • nr j 


P 3 = 5 MPa \h 3 = 2794.2 kJ/kg 
jc 3 =1 \s 3 = 5.9737 kJ/kg -K 


P 4 = 50 kPa 

^4 = ^3 

h 4 = h f + * 4 /z /g = 340.54 + (0.7509X2304.7) 
= 2071.2 kJ/kg 


r 4 = 


S A -s 


fp 


f 


5.9737-1.09120 

6.5019 


= 0.7509 



q. n = h 3 -h 2 = 2794.2 - 345.64 = 2448.6 kJ/kg 
q out = h 4 -h { =2071.2-340.54 = 1730.7 kJ/kg 
w net = <7in “ ^out = 2448.6 - 1730.7 = 717.9 kJ/kg 


r, = 1 - = i _ 173(17 = 0.2932 = 29.3% 

q m 2448.6 


(b) Carnot Cycle analysis: 


P 3 = 5 MPa 


x 3 =1 


h 3 = 

P 3 = 


T 2 =T 3 = 263. 9°C 


x 2 =0 


2794.2 kJ/kg 
263. 9°C 

h 2 =1154.5 kJ/kg 
=2.9207 kJ/kg -K 


Pj = 50 kPa 
^1 = ^2 



J ^1 


s } - s f 2 9207 - 1 0912 

= L = = 0.2814 

s fg 6.5019 

= h f + x i h fg 

= 340.54 + (0.2814)(2304.7) = 989.05 kJ/kg 


q . m =h 3 -h 2 = 2794.2 - 1 154.5 = 1639.7 kJ/kg 
‘lorn = h - h i = 207 2 - 340.54 = 1082.2 kJ/kg 
w net = 9m ~ ‘ lout = 1639.7 - 1082.2 = 557.5 kJ/kg 

7th = 1 - — = 1 - 10812 = 0.3400 = 34.0% 
q m 1639.7 
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10-25 A binary geothermal power operates on the simple Rankine cycle with isobutane as the working fluid. The isentropic 
efficiency of the turbine, the net power output, and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Properties The specific heat of geothermal water is taken to be 4.18 kJ/kg.°C. 

Analysis ( a ) We need properties of isobutane, 
which are not available in the book. However, 
we can obtain the properties from EES. 


Turbine: 


P 3 = 3250 kPa 
T 3 = 147°C 


P 4 = 410 kPa 


^4 “ ^3 

P 4 = 410 kPa 
T 4 = 179. 5°C 

Tlr = 


h 3 - h 4 


h 3 =761.54 kJ/kg 
s 3 = 2.5457 kJ/kg -K 

h 4s = 670.40 kJ/kg 

h 4 = 689.74 kJ/kg 
761.54-689.74 



h ~ K 


= 0.788 


lkJ 

1 kPa • nr 


/0.90 


761.54-670.40 

( b ) Pump: 

h\ — h/@ 410 kPa = 273.01 kJ/kg 
= v f@ 4 iokPa = 0.001842 m /kg 

^p,in =V\( P 2- P \ )'*IP 

= (o.001842 m 3 /kg)(3250 - 4 1 0 ) kPa 
= 5.81 kJ/kg 

h 2 =h x + w p in = 273.01 + 5.81 = 278.82 kJ/kg 

W^out = m(h 3 -h 4 ) = (305.6kJ/kg)(761.54-689.74)kJ/kg = 21,941kW 

W p . n = m(h 2 -h x ) = mw p4n = (305.6kJ/kg)(5.81kJ/kg) = 1777 kW 

^net =^T,out-^P,in = 21,941-1777 = 20, 165 kW 
Heat Exchanger: 

Gin - Vgeo^n ~ P out) = (555.9kJ/kg)(4. 1 8 kJ/kg.°C)(160 - 90)°C = 162,656 kW 



(c) 


W , 


net 


20,165 
r/ th = — = 

Gin 162 ’ 656 


= 0.124 = 12.4% 
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10-26 A 175 -MW coal-fired steam power plant operates on a simple ideal Rankine cycle between the specified pressure 
limits. The overall plant efficiency and the required rate of the coal supply are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 

h\ =hf@ i5kp a - 225.94 kJ/kg 

</!=«//© 15 kPa= 0.0010140 m 3 /kg T j 


>,in “ u \ (^2 ^1 ) 


= 0.001014 m 


7000-15 kPa 


lkPam 3 


= 7.08 kJ/kg 

h 2 =h x + w pin = 225.94 + 7.08 = 233.03 kJ/kg 

P 3 = 7 MPa \h 3 = 353 1 .6 kJ/kg 
T 3 = 550°C s 3 = 6.9507 kJ/kg • K 



P 4 = 15 kPa 


= S' 


65507-07549 
s fg 7.2522 

h 4 =h f +x 4 h fg = 225.94 + (0.8543)(2372.4) = 2252.7 kJ/kg 


The thermal efficiency is determined from 

q in = h 3 - h 2 = 3531.6 - 233.03 = 3298.6 kJ/kg 
q out = h 4 - h x = 2252.7 - 225.94 = 2026.8 kJ/kg 


Thus, 


r, =i_i^ = i_^M =0 .3856 

q m 3298.6 


Coverall = Vxh x ^comb x ^gen = (0.3856)(0.85)(0.96) = 0.3 146 = 31.5% 


( b ) Then the required rate of coal supply becomes 


W 

q. = . . 

*1 overall 


175,000 kJ/s 
0.3146 


= 556,220 kJ/s 


ra_,,i = 


556,220 kJ/s 
29,300 kJ/kg 


= 18.98 kg/s = 68.3 tons/h 
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The Reheat Rankine Cycle 
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10-27C The T-s diagram of the ideal Rankine cycle with 3 stages of reheat is shown on the side. The cycle efficiency will 
increase as the number of reheating stages increases. 



10-28C The pump work remains the same, the moisture content decreases, everything else increases. 


10-29C The thermal efficiency of the simple ideal Rankine cycle will probably be higher since the average temperature at 
which heat is added will be higher in this case. 
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10-30 An ideal reheat steam Rankine cycle produces 2000 kW power. The mass flow rate of the steam, the rate of heat 
transfer in the reheater, the power used by the pumps, and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6 or EES), 


~hf@ iookPa -4 17.51 kJ/kg 
V\ = Vf@ iookPa = 0.001043 m 3 /kg 

^p,in =V\( P 2~ P \) 


= (0.001043 m /kg)(15000 - 100)kPa 
= 15.54 kJ/kg 
h 2 = h { +w p4n = 417.51 + 15.54 = 433.05 kJ/kg 


lkJ 


lkPa-m 3 


P 3 = 15,000 kPa 
T 3 = 450°C 


P 4 = 2000 kPa 

^4 = ^3 


h 3 = 3 157.9 kJ/kg 
£3 = 6. 1434 kJ/kg -K 

s 4~ s f 6.1434-2.4467 


x 4 = 


fg 


3.8923 


= 0.9497 



h 4 = h f +x 4 h fg =908.47 + (0.9497)(1889.8) = 2703.3 kJ/kg 


P 5 = 2000 kPa 
T 5 = 450°C 

P 6 =100 kPa 

^ 6=^5 


h 5 = 3358.2 kJ/kg 
s 5 =7.2866 kJ/kg -K 

x^^^- 2866 - 1 - 3028 =0.9880 
s fg 6.0562 

h 6 =h f + x 6 h fg =417.51 + (0.9880)(22257.5) = 2648.0 kJ/kg 


Thus, 


q. m = (h 3 -h 2 ) + (h 5 -/z 4 ) = 3157.9- 433.05 + 3358.2 - 2703.3 = 3379.8 kJ/kg 
q oui = h 6 -h x = 2648.0-417.51 = 2230.5 kJ/kg 
w net = Qin ~ ^out = 379.8 - 2230.5 = 1 149.2 kJ/kg 

The power produced by the cycle is 

W nei = mw net = (1.74kg/s)(l 149.2kJ/kg) = 2000kW 

The rate of heat transfer in the rehetaer is 


Qreheater = mQi s ~ h 4 ) = (1 -740 kg/s)(3358. 2- 2703.3) kJ/kg = 1 1 40k W 
= mw P in = (1.740 kg/s)(15.54 kJ/kg) = 27 kW 

and the thermal efficiency of the cycle is 


*7th =1 


4out 

4in 


2230.5 

3379.8 


0.340 
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10-31 A steam power plant that operates on the ideal reheat Rankine cycle is considered. The turbine work output 
and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 
h\ ~hf@ 20 kPa = 25 1 .42 kJ/kg 

‘'l = Vf@ 20 kPa = 0.001017 m 3 /kg 


w 


p , in - U 1 (^2 ^1 ) 


= 0.001017 nr 


,/k gX' 


6000 - 20 kPa 


lkJ 


1 kPa • m 3 


= 6.08 kJ/kg 
h 2 = h x + w pin = 251.42 + 6.08 = 257.50 kJ/kg 


P 3 = 6 MPa 
t 3 - 400°c 


P 4 = 2 MPa 


Sa = s 


P 5 = 2 MPa 
T 5 = 400°C 


P 6 = 20 kPa 


s A = s. 


h 3 =3178.3 kJ/kg 
5 3 = 6.5432 kJ/kg ■ K 

h 4 = 2901.0 kJ/kg 

h 5 = 3248.4 kJ/kg 
s 3 =7.1292 kJ/kg -K 


Si:-Sf 7 1 ?92 - 0 8320 
x, = — L = = 0.8900 



fg 


7.0752 


h 6 = h f + x 6 h fg = 251.42 + (0.8900X2357.5)= 2349.7 kJ/kg 

The turbine work output and the thermal efficiency are determined from 

w Xj out = {h 3 - h 4 ) + (h 5 - h 6 ) : = 3 178.3 - 2901 .0 + 3248.4 - 2349.7 = 1176 kJ/kg 

q m =(h 3 -h 2 ) + (h 5 -h 4 )= 3 178.3 -257.50 + 3248.4 -2901. 0 = 3268 kJ/kg 
Wnet = W T,out - w P ,m = 1 176 - 6.08 = 1170 kJ/kg 


and 


Thus, 


7th = 


w 


1170 kJ/kg 

q m 3268 kJ/kg 


= 0.358 = 35.8% 
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10-32 Problem 10-31 is reconsidered. The problem is to be solved by the diagram window data entry feature of EES 

by including the effects of the turbine and pump efficiencies and reheat on the steam quality at the low-pressure turbine exit 
Also, the T-s diagram is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data - from diagram window" 

{P[6] = 20 [kPa] 

P[3] = 6000 [kPa] 

T[3] = 400 [C] 

P[4] = 2000 [kPa] 

T[5] = 400 [C] 

Eta_t = 100/100 "Turbine isentropic efficiency" 

Eta_p = 100/100 "Pump isentropic efficiency"} 

"Pump analysis" 

function x6$(x6) "this function returns a string to indicate the state of steam at point 6" 
x6$=" 

if (x6>1) then x6$='(superheated)' 
if (x6<0) then x6$='(subcooled)' 
end 

Fluid$='Steam_IAPWS' 

P[1] = P[6] 

P[2]=P[3] 

x[1]=0 "Sat'd liquid" 
h[1 ]=enthalpy(Fluid$,P=P[1 ],x=x[1 ]) 
v[1 ]=volume(Fluid$,P=P[1],x=x[1 ]) 
s[1 ]=entropy(Fluid$,P=P[1],x=x[1 ]) 

T[1]=temperature(Fluid$,P=P[1],x=x[1]) 

W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 

W_p=W_p_s/Eta_p 

h[2]=h[1 ]+W_p "SSSF First Law for the pump" 

v[2]=volume(Fluid$,P=P[2],h=h[2]) 

s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"High Pressure Turbine analysis" 

h[3]=enthalpy(Fluid$,T=T[3],P=P[3]) 

s[3]=entropy(Fluid$,T=T[3],P=P[3]) 

v[3]=volume(Fluid$,T=T[3],P=P[3]) 

s_s[4]=s[3] 

hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 

Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 

Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

s[4]=entropy(Fluid$,T=T[4],P=P[4]) 

v[4]=volume(Fluid$,s=s[4],P=P[4]) 

h[3] =W_t_hp+h[4]"SSSF First Law for the high pressure turbine" 

"Low Pressure Turbine analysis" 

P[5]=P[4] 

s[5]=entropy(Fluid$,T=T[5],P=P[5]) 

h[5]=enthalpy(Fluid$,T=T[5],P=P[5]) 

s_s[6]=s[5] 

hs[6]=enthalpy(Fluid$,s=s_s[6],P=P[6]) 

Ts[6]=temperature(Fluid$,s=s_s[6],P=P[6]) 

vs[6]=volume(Fluid$,s=s_s[6],P=P[6]) 

Eta_t=(h[5]-h[6])/(h[5]-hs[6])"Definition of turbine efficiency" 
h[5]=W_t_lp+h[6]"SSSF First Law for the low pressure turbine" 
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x[6]=QUALITY(Fluid$,h=h[6],P=P[6]) 

"Boiler analysis" 

QJn + h[2]+h[4]=h[3]+h[5]"SSSF First Law for the Boiler" 
"Condenser analysis" 

h[6]=Q_out+h[1]"SSSF First Law for the Condenser" 
T[6]=temperature(Fluid$,h=h[6],P=P[6]) 
s[6]=entropy(Fluid$,h=h[6],P=P[6]) 
x6s$=x6$(x[6]) 

"Cycle Statistics" 

W_n et=' W_t_h p-i- W_t_l p- W_p 
Eff=W net/Q in 



s [kJ/kg-K] 


SOLUTION 

Eff=0.358 
Eta_p=1 
Eta t=1 

Fluid$- SteamJAPWS' 
Q_in=3268 [kJ/kg] 
Q_out=2098 [kJ/kg] 

W net=1 170 [kJ/kg] 
W_p=6.083 [kJ/kg] 

W _p_s=6.083 [kJ/kg] 
W_t_hp=277.2 [kJ/kg] 
W t_lp=898.7 [kJ/kg] 
x6s$=" 
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10-33E A steam power plant that operates on the ideal reheat Rankine cycle is considered. The pressure at which reheating 
takes place, the net power output, the thermal efficiency, and the minimum mass flow rate of the cooling water required are 
to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( a ) From the steam tables (Tables A-4E, A-5E, and A-6E), 

h \ = l psia = 69.72 Btu/lbm ^ . 

v l =t/ sat@lpsia =0.01614 ft 3 /lbm 3 5 

7’i=7’ sat@lpsia =101.69°F / \ A A 

1 800_psiaV/ 

W p,in =''li p 2- p i) . . / \ 4 

= (o. 01614 ft 3 /lbm)(800-l psiaj FBtu J \ 

l 5.4039 psia -ft 3 J j/ \ 

= 2.39 Btu/lbm v 7 A \ / 


h 2 = h x + w pin = 69.72 + 2.39 = 72.1 1 Btu/lbm 

P 3 = 800 psia j/z 3 = 1 4560 Btu/lbm 
T 3 = 90(FF s 3 = 1.64 1 3 Btu/lbm • R 



Thus, 


Sa = S 


=h g @ Sg =s 4 =11785 Btu/lbm 


(sat.vapor)J P A = -P sat@ _ ?4 = 62.23psia (thereheatpressure) 
P 5 = 62.23 psia ] h 5 =143 1.4 Btu/lbm 


T 5 = 80(TF 


s 3 = 1.89 85 Btu/lbm • R 


, *6-*/ 1.8985-0.13262 _ 

= lpSia j^^" 1.84495 = °- 9572 


= 5-. 


J h 6 =h f + x 6 h fg = 69.72 +(0.9572Xl 035.7) = 106 1.0 Btu/lbm 

q. n = (/i 3 - h 2 ) + (h 5 -h 4 ) = 1456.0 - 72. 1 1 + 143 1 .4 - 1 178.5 = 1636.8 Btu/lbm 
q out = h 6 -h x =1061.0-69.72 = 991.3 Btu/lbm 


, lh , 1 -i^ = 1 - 99l3Bl " /lt ' m = 39.4% 
q in 1636.8 Btu/lbm 

(c) The mass flow rate of the cooling water will be minimum when it is heated to the temperature of the steam in the 
condenser, which is 101.7°F, 


Gout = Gin — W net = (l-7,h fen = (l- -0.3943)(6xl0 4 Btu/s)= 3.634x 10 4 Btu/s 


3.634x 10 4 Btu/s 


m coo\ = 


cAT (l . 0 B tu/lbm • °F)(l 0 1 . 69 - 45 )°F 


= 641.0 lbm/s 
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10-34 An ideal reheat Rankine with water as the working fluid is considered. The temperatures at the inlet of both turbines, 
and the thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and 
potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 

h\ = hf@ 20kPa - 25 1 .42 kJ/kg 
<6 = t/ /@ 20kPa = 0.0010172 m 3 /kg 

Wpin ={/ l( P 2 -P\) 

= (0.0010172 m 3 /kg)(5000 - 20)kPa 
= 5.065 kJ/kg 

h 2 = h x + w p4n = 251.42 + 5.065 = 256.49 kJ/kg 


lkJ ^ 
1 kPa • m 3 y 



P 4 = 1200 kPa 1 h 4 = h f + x 4 h fg = 798.33 + (0.96)(1985.4) = 2704.3 kJ/kg 
x 4 = 0.96 J s 4 =s f + x 4 s fg = 2.2159 + (0.96)(4.3058) = 6.3495 kJ/kg • K 

P 3 = 5000 kPa 1 h 3 = 3006.9 kJ/kg 
^3=^4 J T 3 =327.2°C 


P 6 = 20 kPa \ h 6 = h f + x 6 h Jg = 251.42 + (0.96)(2357.5) = 2514.6 kJ/kg 
x 6 = 0.96 J Sfi = s f + x 6 s fg = 0.8320 + (0.96)(7.0752) = 7.6242 kJ/kg • K 

P 5 = 1200 kPa 1 h 5 = 3436.0 kJ/kg 
s 5 =s 6 r 5 =481.1°C 

Thus, 

q in = (h 3 -h 2 ) + (h 5 -h 4 )= 3006.9 - 256.49 + 3436.0 - 2704.3 = 3482.0 kJ/kg 
q out = h 6 -h x =2514.6 -151.42 = 2263.2 kJ/kg 

and 

jj =l-^i = l-^^ = 0.3500 = 35.0% 
q m 3482.0 
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10-35 A steam power plant that operates on an ideal reheat Rankine cycle between the specified pressure limits is 
considered. The pressure at which reheating takes place, the total rate of heat input in the boiler, and the thermal efficiency 
of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( a ) From the steam tables (Tables A-4, A-5, and A-6), 

^1 = ^sat@ lOkPa =191.81 kJ/kg 
v l = ‘'sat® lOkPa = 0.00101 m 3 /kg 


w 


,in - V\ (^2 ^1 ) 


= 0.00101 m 



15,000-10 kPa 


lkJ 


lkPam 3 


= 15.14 kJ/kg 
h 2 =h l +w p in =191.81 + 15.14 = 206.95 kJ/kg 


P 3 =15 MPa 
T 3 = 500°C 


P 6 = 10 kPa 


s a = s. 


T 5 = 500°C 


h 3 =3310.8 kJ/kg 
s 3 =6.3480 kJ/kg -K 

h 6 =h f + x 6 h fg = 191.81 + (0.90X2392. l) = 2344.7 kJ/kg 
s 6 = s f + x 6 s fg = 0.6492 + (0.90)(7.4996)= 7.3988 kJ/kg -K 

P 5 = 2150 kPa (the reheat pressure ) 
h 5 = 3466.61 kJ/kg 



h 4 =2817.2 kJ/kg 


^ 5 =^6 

P 4 =2.15 MPa 

( b ) The rate of heat supply is 

Cin =m[(h 3 -h 2 )+(h 5 -h 4 )] 

= (12 kg/sX33 10.8 -206.95 + 3466.61- 2817.2)kJ/kg 

= 45,039 kW 

(c) The thermal efficiency is determined from 

Sout = m{h 6 -h l )= (12 kJ/s)(2344.7 - 191 .8 l)kJ/kg = 25,835 kJ/s 


Thus, 


7 th =1 


Q 


out 


Gin 


= 1 


25,834 kJ/s 
45,039 kJ/s 


= 42.6% 
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10-36 A steam power plant that operates on a reheat Rankine cycle is considered. The condenser pressure, the net power 
output, and the thermal efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) From the steam tables (Tables A-4, A-5, and A-6), 

P 3 = 12.5 MPa 


T 3 = 550°C 


P 4 = 2 MPa 

S 4s = ^3 
1!t = 


h 3 -h 4 
K~Ks 


] h 3 = 3476.5 kJ/kg 


3 r ' — ' — ^ 

*s 3 = 6.6317 kJ/kg- K 

Boiler 

I Turbine 

4s =2948.1 kJ/kg 


4 | 7K — J 

| 

■ 1 W 





— >/; 4 = /z 3 - ?i T (h 3 - h 4s ) 

= 3476.5 - (0.85)(3476.5 - 2948. l) 
= 3027.3 kJ/kg 


Condenser 


Pump 


T A 


P 5 = 2 MPa 
T 5 = 450°C J 


h 5 = 3358.2 kJ/kg 
s 3 = 7.2815 kJ/kg- K 


^6=? 
x 6 = 0.95 


K = (Eq- 1) 


^6=? 
s 6 = * 5 


Ks = < E q- 2 ) 


o 



■> 


71t = 


= 5 " 6 > h 6 = h 5 - ?] T (h 5 - /z 6j ) = 3358.2 - (0.85)(3358.2 - h 6s ) (Eq. 3) 


K ~ Ks 


The pressure at state 6 may be determined by a trial-error approach from the steam tables or by using EES from the above 
three equations: 


P 6 = 9.73 kPa, h 6 = 2463.3 kJ/kg, 


(b) Then, 


h\ — h/@ 9.73 kPa — 189.57 kJ/kg 


w 


= v /@ lOkPa = 0.001010 m /kg 

>,in =^i(P 2 -Ei)//7, 


= 0.00101 nr 



Vl2, 500 -9.73 kPaj 

1 kJ 

/\ / 

V 1 kPa • m 3 j 


/(0.90) 


= 14.02 kJ/kg 
h 2 =h { + w p[n = 189.57 + 14.02 = 203.59 kJ/kg 

Cycle analysis: 

q m =(h 3 -h 2 )+ (h 5 -h 4 )= 3476.5 - 203.59 + 3358.2 - 2463.3 = 3603.8 kJ/kg 
q out = h 6 ~K= 2463.3 - 189.57 = 2273.7 kJ/kg 

Vk ne t = m(q ia ~ q oal ) = (7.7 kg/s)(3603.8- 2273.7)kJ/kg = 1 0,242kW 
(c) The thermal efficiency is 

rj th = i-g2HL = i - 2273/7 U/kg = 0.369 = 36.9% 




in 


3603.8 kJ/kg 
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10-37 A steam power plant that operates on a reheat Rankine cycle is considered. The quality (or temperature, if 
superheated) of the steam at the turbine exit, the thermal efficiency of the cycle, and the mass flow rate of the steam are to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) From the steam tables (Tables A-4, A-5, and A-6), 

~ ^/@ iokPa ~ 191.81 kJ/kg 


w 


lkJ 


^1 = Vf@ iokPa = 0.001010 m /kg 

9, in =V\{ P 2- P l )'Pp 

= (o. 00101 m 3 /kg)(l0,000-10 kPa 
= 10.62 kJ/kg 
h 2 = h x + w pin =191.81 + 10.62 = 202.43 kJ/kg 

P 3 =10 MPa 


1 kPam 3 


/(0.95) 


T 3 = 500°C 


P 4s = 1 MPa 

S 4s = s 3 

h 3 - h 4 


h 3 = 3375.1 kJ/kg 
* s 3 = 6.5995 kJ/kg • K 

h 4s = 2783.8 kJ/kg 



% = L- h > h * = h 3 ~ Prfe - Ks) 

3 45 = 3375.1 -(0.80X3375.1- 2783.7) = 2902.0 kJ/kg 


P 5 = 1 MPa 
T 5 = 500°C 


P 6s =10 kPa 


h 5 = 3479.1 kJ/kg 
s 5 = 7.7642 kJ/kg • K 


^6.9 s 


x 6s = 


s 6 s -s f 7.7642-0.6492 


fg 


7.4996 


= 0.9487 (at turbine exit) 


= 


h 6s =h f +jc 6 s h Jg =191.81 + (0.9487X2392.1)= 2461.2 kJ/kg 
lh /,(1 » h 6 - h 5 - q T (h 5 - h 6s ) 


h 5 ~ Ks 


= 3479.1 - (0.80X3479.1 - 2461.2) 

= 2664.8 kJ/k g>h n (superheated vapor) 


From steam tables at 10 kPa we read T 6 = 88.1°C. 

(b) w T out = (h 3 - /r 4 )+ {h 5 -h 6 ) = 3375.1 - 2902.0 + 3479.1 - 2664.8 = 1287.4 kJ/kg 
q { n =(h 3 -h 1 )+ (h 5 -h 4 ) = 3375. 1 - 202.43 + 3479.1 - 2902.0 = 3749.8 kJ/kg 
^net = HTout _ w p,in = 1287.4 - 10.62 = 1276.8 kJ/kg 
Thus the thermal efficiency is 


w 


Pth = 


net 


1276.8 kJ/kg 


= 34.1% 


q m 3749.8 kJ/kg 

(c) The mass flow rate of the steam is 

VF net 80,000 kJ/s __ . 

m = — — = — = 62.7 kg/s 


W 


net 


1276.9 kJ/kg 
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10-38 A steam power plant that operates on the ideal reheat Rankine cycle is considered. The quality (or temperature, if 
superheated) of the steam at the turbine exit, the thermal efficiency of the cycle, and the mass flow rate of the steam are to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( a ) From the steam tables (Tables A-4, A-5, and A-6), 

“ ^/@ iokPa “ 191.81 kJ/kg t * 

<6 = (/ /@i0kPa =0.00101 m 3/ kg 3 5 

w P ,m =v\{ p i ~ p \) / \0Mv\y y 

= (o.00101 m 3 /kgVl0,000-10 kPaj / \ 4 

l 1 kPa- m 3 // \ 

= 10.09 kJ/kg 


h 2 =h l +w pin = 191.81 + 10.09 = 201.90 kJ/kg 

P 3 = 10 MPa 1 /i 3 = 3375.1 kJ/kg 
T 3 = 500°C \s 3 = 6.5995 kJ/kg • K 



P 4 = 1 MPa 


= .v 


4 “ 


h 4 = 2783.8 kJ/kg 


P 5 = 1 MPa 1 h 5 = 3479.1 kJ/kg 
T 5 = 500°C L 5 = 7.7642 kJ/kg • K 


P, = 10 kPa 1 * 6 = 


S — 

6 5 J h 6 = h f + Xfihjg = 191.81 + (0.9487X2392.1) = 2461.2 kJ/kg 

(6) w T out = -h 4 )+(h 5 -h 6 )= 3375.1-2783.7 + 3479.1-2461.2 = 1609.3 kJ/kg 

<? in = (^ -h2)+(h 5 -h 4 )= 3375. 1-201. 90 + 3479. 1-2783. 7 = 3868.5 kJ/kg 

w net “ WT,out _ W/?,i n = 1609.4 - 10.09 = 1599.3 kJ/kg 

Thus the thermal efficiency is 

HV, = 1599.3 kJ/kg =413% 

9in 3868.5 kJ/kg 

(c) The mass flow rate of the steam is 

. W net 80,000 kJ/s . 

m = — — = = 50.0 kg/s 

w net 1599.3 kJ/kg 


~ Sf _ 7.7642-0.6492 
7.4996 


= 0.9487 ( at turbine exit) 
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10-39C This is a smart idea because we waste little work potential but we save a lot from the heat input. The extracted 
steam has little work potential left, and most of its energy would be part of the heat rejected anyway. Therefore, by 
regeneration, we utilize a considerable amount of heat by sacrificing little work output. 


10-40C Both cycles would have the same efficiency. 


10-41C In open feedwater heaters, the two fluids actually mix, but in closed feedwater heaters there is no mixing. 


10-42C Moisture content remains the same, everything else decreases. 
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10-43E Feedwater is heated by steam in a feedwater heater of a regenerative Rankine cycle. The ratio of the bleed steam 
mass flow rate to the inlet feedwater mass flow rate is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 

Properties From the steam tables (Tables A-4E through A-6E or EES), 

h\ = hf@ no°F = 78.02 Btu/lbm 


P 2 = 40 psia 
T 2 = 280°F 


h 2 =1176.6 Btu/lbm 


h 3 = hf@ 25o°f = 218.63 Btu/lbm 

Analysis We take the mixing chamber as the system, which is a control volume since mass crosses the boundary. The mass 
and energy balances for this steady-flow system can be expressed in the rate form as 

Mass balance: 



Solving for the bleed steam mass flow rate to the inlet feedwater mass flow rate, and substituting gives 

rh 2 _ h x -h 3 _ (78.02- 218.63) kJ/kg _ Q ^ 
m x ~ h 3 - h 2 ~ (218.63 - 1 176.6) kJ/kg ~~ 
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10-44 In a regenerative Rankine cycle, the closed feedwater heater with a pump as shown in the figure is arranged so that 
the water at state 5 is mixed with the water at state 2 to form a feedwater which is a saturated liquid. The amount of bleed 
steam required to heat 1 kg of feedwater is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Tables A-4 through A-6), 

P x = 7000 kPa 
T x = 260°C 
P 3 = 6000kPa 
T 3 = 325°C 

P 6 = 7000 kPa ' 

*6 = 0 

Analysis We take the entire unit as the system, which is a 
control volume since mass crosses the boundary. The energy 
balance for this steady-flow system can be expressed in the rate 
form as 


h\ 26cpc — 1 134.8 kJ/kg 
h 3 = 2969.5 kJ/kg 

K = hf @ 7000kPa = 1267.5 kJ/kg 


Steam 



■^in ^out 


Ar <^0 (steady) _ n 
LXCj system u 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 

K = E out 


m x h x +m 3 h 3 +m 3 w P?in = m 6 h 6 
m x h x +m 3 h 3 +m 3 w Pin = (m x +m 3 )h 6 


Solving this for m 3 , 


m 3 = m x 


K - h \ 


( h 3 — ^6 ) ^P.in 


= (lkg/s) 


1267.5-1134.8 
2969.5-1267.5 + 1.319 


= 0.0779kg/s 


where 


^P.in =Vl(P 5 -P 4 ) = '' 


■AP 5 -Pa) 


f @ 6000kPa 

= (0.0013 19 m 3 /kg)(7000 - 6000) kPa 
= 1.319 kJ/kg 


lkPa 


lkPa-m 
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10-45 A steam power plant that operates on an ideal regenerative Rankine cycle with an open feedwater heater is 
considered. The net work output per kg of steam and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 

h\ =hf@ 20kPa -251.42 kJ/kg 


i/i = (/ 


f@ 20 


kPa =0.001017 m 3 /kg 


w 


lkJ 


pi, in ~ (^2 ^1 ) 

= (o.001017 m 3 /kg)(400 - 20 kPa 

'[ 1 kPa-m 

= 0.39 kJ/kg 
h 2 =h { +w pIin =251.42 + 0.39 = 251.81 kJ/kg 


P 3 = 0.4 MPa 
sat.liquid 


h 3 — hj?@ o_4 Mp a — 604.66 kJ/kg 
1/3 =</y@o.4Mp a —0.001084 m /kg 



w 



6000-400 kPa 


pIIM =v 3 {P 4 -P 3 )={0.00m4 m 

h 4 = h 3 +w pII3n = 604.66 + 6.07 = 610.73 kJ/kg 
P 5 = 6 MPa 


lkJ 


1 kPa-m 3 


= 6.07 kJ/kg 


T 5 = 450°C 


h 5 = 3302.9 kJ/kg 
s 3 =6.7219 kJ/kg -K 


P 6 = 0.4 MPa 


s A = s. 


s 6~ s f 6.7219-1.7765 An/ ^ 
x 6 = = = 0.9661 


fg 


5.1191 


Pn = 20 kPa 


Sn = S. 


h 6 =h f +x 6 h fg = 604.66 + (0.966l)(2 133.4) = 2665.7 kJ/kg 
^7 -s f 6.7219-0.8320 


Xn = 


fg 


7.0752 


= 0.8325 


h 7 =h f + x 7 h fg =25 1.42 + (0.8325X2357.5) = 2214.0 kJ/kg 

The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater heater. 
Noting that Q = W = Ake = Ape = 0 , 

f - p -A p +0 (steady) _ q 

Ej;„ L\£j system o 


in 


out 

E;„ = E 


in 


out 


A » ™ 6 h 6 + ™ 2 h 2 = ™ 3 h 3 » +6 + l 1 ~ 3+2 = 4^3 ) 

where y is the fraction of steam extracted from the turbine ( = m 6 / m 3 ). Solving for y, 

604.66 — 251.81 , 0 [462 


h 6 -h 2 2665.7-251.81 


Then, 


and 


q. m = h 5 - h 4 = 3302.9 - 610.73 = 2692.2 kJ/kg 

q out = (l- yp 7 -/!,)=(]- 0.1462 )(2214.0 - 251.42) = 1675.7 kJ/kg 

w net = tf in - <? out = 2692.2 - 1675.7 = 1 01 6.5 kJ/kg 


(b) The thermal efficiency is determined from 

, <7out , 1675.7 kJ/kg 

7/ th =1 = 1 = 37.8% 




in 


2692.2 kJ/kg 
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10-46 A steam power plant that operates on an ideal regenerative Rankine cycle with a closed feedwater heater is 
considered. The net work output per kg of steam and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( a ) From the steam tables (Tables A-4, A-5, and A-6), 


h\ - h/@ 20 kPa - 251.42 kJ/kg 


i/, = t/ 


f@ 20 


kPa = 0.001017 nr /kg 


w 


lkJ 


pi , in “ V 1 (^2 ^1 ) 

= (o.001017 m 3 /kg)(6000 - 20 kPa 
= 6.08 kJ/kg 
h 2 =h { +w pIM =251.42 + 6.08 = 257.50 kJ/kg 


1 kPa-m 


P 3 = 0.4 MPa 
sat. liquid 


h 3 — hy@ 0.4 MPa — 604.66 kJ/kg 


^3 — ^/@o.4MPa —0.001084 m /kg 


w pIIi n = 1/3 (p 9 -P 3 ) = (0.00 1084 m 3 /kg)(6000 - 400 kPa' 



= /*3 + w pII in = 604.66 + 6.07 = 610.73 kJ/kg 
/ig = /Z3 + i/ 3 (P 8 - P 3 ) = K) = 610.73 kJ/kg 

Also, /z 4 = h 9 = /z 8> = 610.73 kJ/kg since the two fluid streams which are being mixed have the same enthalpy. 

h 5 =3302.9 kJ/kg 
s 3 =6.7219 kJ/kg -K 

H- S f 6.7219-1.7765 


P 5 =6 MPa 
T 5 = 450°C 


P 6 = 0.4 MPa 


Sa = s. 


= 


A 


5.1191 


= 0.9661 


P 7 = 20 kPa 


= 5, 


h 6 =h f + x 6 h fg =604.66 + (0.966lX2133.4)= 2665.7 kJ/kg 
^7 -s f 6.7219-0.8320 


r 7 = 


= 0.8325 


fg 


7.0752 

h 7 =h f +x 7 h fg =251.42 + (0.8325X2357.5)= 2214.0 kJ/kg 

The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater heater. 
Noting that Q = W = Ake = Ape = 0 , 

£ ; „-+.. t =A£ JWfe ,/ 0(steady) =o 


out 

iL =E 


in 


out 


X++ > m 2 (h 8 -h 2 )=m 6 (h 6 -h 3 ) » (l-^X^s — * 2 ) = ^(*6 ~ h i) 

where y is the fraction of steam extracted from the turbine ( = m 6 / m 5 ). Solving for y, 


/zo — /+ 


610.73-257.50 


= 0.1463 


Then, 


and 


y (h 6 - h 3 ) + (h s - h 2 ) 2665.7 - 604.66 + 610.73 - 257.50 

q m = h 5 - h 4 = 3302.9 - 610.73 = 2692.2 kJ/kg 
q out = (l - yjh 7 - h x )= (l - 0. 1463 )(22 14.0 - 25 1.42) = 1675.4 kJ/kg 

w net =q m -q out =2692.2 -1675.4 = 1 01 6.8kJ/kg 


( b ) The thermal efficiency is determined from 

7|t ,|-^,|- 16754kJ/k S = 37.8% 


ft 


in 


2692.2 kJ/kg 
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10-47 A steam power plant operates on an ideal regenerative Rankine cycle with two open feedwater heaters. The net 
power output of the power plant and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis 



{a) From the steam tables (Tables A-4, A-5, and A-6), 
h\ = hf@ iokPa = 191.81 kJ/kg 



P 3 = 0.2 MPa 1 ^3 ~ hf@ o.2 MPa - 504.71 kJ/kg 

> 

sat .liquid J i/ 3 =v f@ 0 . 2MPa =0.001061 m 3 /kg 

^ pii ;m = ^{ p 4 -P 3 ) = (o. 001061 m 3 /kg)(600- 200 kPa 

= 0.42 kJ/kg 

h A =h 3 + w pIIm = 504.71 + 0.42 = 505.13 kJ/kg 

P 5 = 0.6 MPa 1 ^5 = hf@ o.6 MPa “ 670.38 kJ/kg 

> 

sat.liquid J t/ 5 = «/ /@ 0 6 MPa = 0.001 101 m 3 /kg 
w p iii M = v 5 (P 6 -P 5 ) = (0.001101 m 3 /kg)(8000 - 600 kPa 

= 8.144 kJ/kg 

h 6 =h 5 + w pIIIin = 670.38 + 8.144 = 678.52 kJ/kg 

P 7 = 8 MPa 1 h 7 =3521.8 kJ/kg 
r 7 = 550°C \s 7 = 6.8800 kJ/kg • K 

Po = 0.6 MPa 1 

8 U 8 = 2809.6 kJ/kg 

^8 = ^7 J 



lkJ 

1 kPa • m 3 J 


Pg = 0.2 MPa 

^9 “ ^7 


6.8800- 1.5302 =Q9559 
s fg 5.5968 

h 9 =h f + x 9 h jg =504.71 + (0.9559X2201.6)= 2609.1 kJ/kg 
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P 10 =10 kPa 

*10 = ^7 


x 10 =^^ = 6 - 880 °- Q - 6492 = 0.8308 


fg 


7.4996 


h l0 =h f +x l0 h fs = 191.81 + (0.8308)(2392.l)= 2179.2 kJ/kg 


fg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Q = W = Ake = Ape = 0 , 


FWH-2: 


f. -f - A/7 <^0 (steady) _ q 

t LXLL, S y Stem 


in 


'out 

zL =E 


in 


out 


■> yh s +{ i-y)h =i {h 5 ) 


'Yjriiihi -- 'f\m e h e » m s h 8 + m 4 h 4 =m 5 h 5 - 

where y is the fraction of steam extracted from the turbine ( = /hg / iri ^ ). Solving for y, 


670.38-505.13 =aff71?1 


h s - h 4 


2809.6-505.13 


FWH-1: 


^m,h, = 'E l >n e he » m 9 h 9 + m 2 h 2 = m 3 h 3 » zh 9 + (l - y - z)h 2 = (l - y)h 3 

where z is the fraction of steam extracted from the turbine ( = nig / m 5 ) at the second stage. Solving for z. 


z = 


h 3 -h 2 , x_ 504,71-192.00 
h 9 -h 2 ' 2609.1-192.00 


(1-0.07171) = 0.1201 


Then, 


q . n = h 7 -h 6 = 3521.8 - 678.52 = 2843.3 kJ/kg 

q out =(!->’- z\h lQ - h x )={ 1 - 0.07171 - 0.120l)(2179.2 - 191. 8l) = 1606.2kJ/kg 
w net = <Zin - ^ Q ut “ 2843.3 - 1606.2 = 1237.2 kJ/kg 


and 


W net = mw na = (16 kg/sXl237.2 kJ/kg) = 19,795 kW = 19.8 MW 
( b ) The thermal efficiency is 

, |t= l-i££L.i- 16062 kJ/t S . 0.4351-43.5% 


^1 


in 


2843.3 kJ/kg 
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10-48 An ideal regenerative Rankine cycle with a closed feedwater heater is considered. The work produced by the turbine, 
the work consumed by the pumps, and the heat added in the boiler are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 

h\ = h f@ 20kPa = 251.42 kJ /kg 


=^/ @20kP a = 0.001017 m 3 /kg 


w 


p,in 


= ^(P 2 -P0 


lkJ 


lkPa-m 3 


= (0.001017 m /kg)( 3 000 - 20) kP a 
= 3.03 kJ/kg 
h 2 =h x + w pin = 251.42 + 3.03 = 254.45 kJ/kg 


P 4 = 3000 kPa 
T 4 = 350°C 
P 5 = 1000 kP a 

^5 = ^4 

P 6 = 20 kPa 

^6 = ^4 


h 4 = 31 16.1 kJ/kg 
s 4 = 6.7450 kJ/kg -K 

h 5 =285 1.9 kJ/kg 

6.7450-0.8320 



i. = 


^ -s 


fg 


f 


7.0752 


= 0.8357 


h 6 =h f +x 6 h fs =251.42 + (0.8357)(2357.5) = 2221.7 kJ/kg 


fg 


For an ideal closed feedwater heater, the feedwater is heated to the 
exit temperature of the extracted steam, which ideally leaves the 
heater as a saturated liquid at the extraction pressure. 


P 7 = 1000 kPa 

+ 7 = 0 


h 7 =762.51 kJ/kg 
r 7 = 179.9°C 


h s =h 7 =762.51 kJ/kg 
P 3 = 3000 kPa 


T 3 =T 7 = 209. 9°C 


h 3 =763.53 kJ/kg 


An energy balance on the heat exchanger gives the fraction of 
steam extracted from the turbine ( = m 5 / m 4 ) for closed 
feedwater heater: 

m 5 h 5 +m 2 h 2 —m 3 h 3 +m 7 h 7 
yh 5 + 1 h 2 = 1 h 3 + yh 7 

Rearranging, 

h 3 -h 2 763.53-254.45 


y = 


h 5 -h 7 2851.9-762.51 


= 0.2437 


Then, 


w+out =h 4 -h 5 +(l- y)(h 5 - h 6 ) = 3 1 16. 1 - 2851.9 + (1 ■ - 0.2437)(285 1.9 - 2221.7) = 740.9k J/kg 


W P,in = 


= 3.03kJ/kg 


Also, 


q . n = h 4 - h 3 =31 16.1 -763.53 = 2353kJ/kg 
w net - w T,out _ w P,in = 740.9 - 3.03 = 737.8 kJ/kg 


w 


^th = 


net 




in 


737.8 

2353 


= 0.3136 
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10-49 



Problem 10-48 is reconsidered. The optimum bleed pressure for the open feedwater heater that maximizes the 


thermal efficiency of the cycle is to be determined by EES. 

Analysis The EES program used to solve this problem as well as the solutions are given below. 


"Given" 

P[4]=3000 [kPa] 

T[4]=350 [C] 

P[5]=600 [kPa] 

P[6]=20 [kPa] 

P[3]=P[4] 

P[2]=P[3] 

P[7]=P[5] 

P[1]=P[6] 

"Analysis" 

Fluid$='steamjapws' 

"pump I" 
x[1]=0 

h[1]=enthalpy(Fluid$, P=P[1], x=x[1]) 
v[1]=volume(Fluid$, P=P[1], x=x[1]) 
w_p_in=v[1]*(P[2]-P[1]) 
h[2]=h[1]+w_p_in 

"turbine" 

h[4]=enthalpy(Fluid$, P=P[4], T=T[4]) 
s[4]=entropy(Fluid$, P=P[4], T=T[4]) 
s[5]=s[4] 

h[5]=enthalpy(Fluid$, P=P[5], s=s[5]) 
T[5]=temperature(Fluid$, P=P[5], s=s[5]) 
x[5]=quality(Fluid$, P=P[5], s=s[5]) 
s[6]=s[4] 

h[6]=enthalpy(Fluid$, P=P[6], s=s[6]) 
x[6]=quality(Fluid$, P=P[6], s=s[6]) 

"closed feedwater heater" 
x[7]=0 

h[7]=enthalpy(Fluid$, P=P[7], x=x[7]) 
T[7]=temperature(Fluid$, P=P[7], x=x[7]) 
T[3]=T[7] 

h[3]=enthalpy(Fluid$, P=P[3], T=T[3]) 
y-(h[3]-h[2])/(h[5]-h[7]) "y=m_doL5/m^dot_4" 

"cycle" 

q_in=h[4]-h[3] 

w T_out=h[4]-h[5]+(1-y)*(h[5]-h[6]) 
w_n et= w_T_ou t- w_p_i n 
Eta_th=w_net/q_in 
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p 6 

[kPa] 

rjth 

100 

0.32380 

110 

0.32424 

120 

0.32460 

130 

0.32490 

140 

0.32514 

150 

0.32534 

160 

0.32550 

170 

0.32563 

180 

0.32573 

190 

0.32580 

200 

0.32585 

210 

0.32588 

220 

0.32590 

230 

0.32589 

240 

0.32588 

250 

0.32585 

260 

0.32581 

270 

0.32576 

280 

0.32570 

290 

0.32563 



Bleed pressure [kPa] 
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10-50 A regenerative Rankine cycle with a closed feedwater heater is considered. The thermal efficiency is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4, A-5, and A-6 or EES), 

h\ - hf@ 20kPa ~ 251.42kJ/kg 


=t/ /@20kPa = 0.001017 m /kg 
W p,m =^l(P 2 - P l) 


lkJ 


lkPam 3 


= (0.001017 m /kg)(3000 - 20)kPa 
= 3.03 kJ/kg 
h 2 =h x + w pin = 25 1 .42 + 3.03 = 254.45 kJ/kg 


P 4 = 3000 kPa 
T 4 = 350°C 
P 5 = 1000 kPa 

S 5s “ ^4 


P 6 = 20 kPa 
s 6s = s 4 

/7t = 


h 4 =31 16.1 kJ/kg 
s 4 = 6.7450 kJ/kg -K 

h 5s =285 1.9 kJ/kg 

*6s ~ s f 6.7450-0.8320 


x 6s = 


= 0.8357 



fg 


7.0752 

h 6s =h f + x 6s h fg =251.42 + (0.8357)(2357.5) = 2221.7 kJ/kg 
h 4 -h 5 


It = 


h 4~ h 5s 

h 4 -h 6 


■> h 5 = h A - tj t (h 4 - h 5s ) = 3 1 1 6. 1 - (0.90X3 116. 1 - 285 1 .9) = 2878.3 kJ/kg 


h 4~Ks 


■> h 6 = h 4 - 77 X (h 4 - h 6s ) = 3 1 16. 1 ■ - (0.90X3 1 16.1 -2221.7) = 231 1.1 kJ/kg 


For an ideal closed feedwater heater, the feedwater is heated to 
the exit temperature of the extracted steam, which ideally leaves 
the heater as a saturated liquid at the extraction pressure. 


P 7 = 1000 kPa 

x-j = 0 

P 3 = 3000 kPa 


h 7 =762.51 kJ/kg 
r 7 = 179.9°C 


T 3 =T 7 = 209. 9°C 


h 3 =763.53 kJ/kg 


An energy balance on the heat exchanger gives the fraction of 
steam extracted from the turbine ( = m 5 / m 4 ) for closed 
feedwater heater: 

= X m '' h e 

m 5 h 5 +m 2 /?2 = th 3 h 3 +m 1 h 1 
yh 5 + l/r 2 = lh 3 + y/r 7 

Rearranging, 

763.53-254.45 


y = 


h 3 -h 2 


h 5 -h 7 2878.3-762.51 


= 0.2406 


Then, 


w T out = h 4 - h 5 + (1 - y)(/r 5 -/z 6 ) = 3116.1- 2878.3 + (1 - 0.2406)(2878.3 - 23 1 1 . 1) = 668.5 kJ/kg 
Wp ^ =3. 03 kJ/kg 

q. n =h 4 -h 3 =3116.1-763.53 = 2353 kJ/kg 
Also, w net = w T out - w p in = 668.5 - 3.03 = 665.5 kJ/kg 


w 


^th = 


net 


<7i 


in 


665.5 

2353 


= 0.2829 = 28 . 3 % 
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10-51 A regenerative Rankine cycle with a closed feedwater heater is considered. The thermal efficiency is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6 or EES), 




When the liquid enters the pump 10°C cooler than a saturated liquid at the condenser pressure, the enthalpies become 


P x = 20kPa 

T x =r sat@20kPa -10 = 60.06-10-50°C 


h x =h f@ 5o° c = 209.34 kJ/kg 

i/ 1 = Vf@ 5o°c = 0.001012 m 3 /kg 


W p,in = <7 ( P 2 ~ P \ ) 


= (0.001012 m 7kg)(3000 - 20)kPa 
= 3.02 kJ/kg 


lkJ 


lkPa-m 


h 2 = h x +w p4n =209.34 + 3.02 = 212.36 kJ/kg 

P 4 = 3000 kPa 
r 4 = 350°C 

P 5 = 1000 kPa 

S 5s “ s 4 

P 6 = 20 kPa 

S 6s = 


h 4 =31 16.1 kJ/kg 
s 4 = 6.7450 kJ/kg -K 

h 5s =2851.9 kJ/kg 

*6s ~ s f 6.7450-0.8320 


■^6s = 


fg 


7.0752 


= 0.8357 


77 t = 


7t = 


h 4 -h 5 


K~K 


h A -h 6 


h 6s =h f +x 6s h fg =25 1.42 + (0.8357)(2357.5) = 2221. 7 kJ/kg 
— > h 5 = h 4 - t] t (h 4 - h 5s ) = 3 1 16. 1 - (0.90)(3 1 16. 1 - 285 1 .9) = 2878.3 kJ/kg 


K ~Ks 


■> h 6 = h 4 - r] T (h 4 - h 6s ) = 3 1 1 6. 1 - (0.90)(3 116.1-2221.7) = 2311.1 kJ/kg 


For an ideal closed feedwater heater, the feedwater is heated to the exit temperature of the extracted steam, which ideally 
leaves the heater as a saturated liquid at the extraction pressure. 


P 1 = 1000 kPa 
v 7 = 0 

P 3 = 3000 kPa 


T 3 =T 7 = 209. 9°C 


h 7 =762.51 kJ/kg 
r 7 = 179.9°C 


h 3 =763.53 kJ/kg 
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An energy balance on the heat exchanger gives the fraction of steam extracted from the turbine ( = m 5 / m 4 ) for closed 
feedwater heater: 

= 'Y j m e h e 

rh 5 h 5 +m 2 h 2 = ra 3 /z 3 + m 7 h 7 
yh 5 + 1/z 2 = 1 h 3 + y/z 7 

Rearranging, 

^. 763.53-212.36 , 

' h 5 -h 7 2878.3-762.51 

Then, 

^T,out = K - h 5 + (1 - y)(/z 5 - h 6 ) = 3 1 16. 1 - 2878.3 + (1 - 0.2605)( 2878.3 -2311.1) = 657.2 kJ/kg 
Wp ^ =3. 03 kJ/kg 

q m = h 4 - h 3 =3116.1-763.53 = 2353 kJ/kg 

Also, 

w net = w T,out _ w p,in = 657.2 - 3.03 = 654.2 kJ/kg 


^th 


w 


net 


<7i 


in 


654.2 

2353 


0.2781 
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10-52 The effect of pressure drop and non-isentropic turbine on the rate of heat input is to be determined for a given 

power plant. 

Analysis The EES program used to solve this problem as well as the solutions are given below. 


"Given" 

P[3]=3000 [kPa] 

DELTAP boiler=1 0 [kPa] 
P[4]=P[3]-DELTAPj3oiler 
T[4]=350 [C] 

P[5]= 1 000 [kPa] 

P[6]=20 [kPa] 
eta_T=0.90 

P[2]=P[3] 

P[7]=P[5] 

P[1]=P[6] 

"Analysis" 

Fluid$- steamjapws' 

"(a)" 

"pump I" 
x[1]=0 

h[1]=enthalpy(Fluid$, P=P[1], x=x[1]) 
v[1]=volume(Fluid$, P=P[1], x=x[1]) 
w j)_in=v[1 ]*(P[2]-P[1 ]) 
h[2]=h[1]+w_p_in 
"turbine" 

h[4]=enthalpy(Fluid$, P=P[4], T=T[4]) 
s[4]=entropy(Fluid$, P=P[4], T=T[4]) 
s[5]=s[4] 

h_s[5]=enthalpy(Fluid$, P=P[5], s=s[5]) 
T[5]=temperature(Fluid$, P=P[5], s=s[5]) 
x _s[5]=quality(Fluid$, P=P[5], s=s[5]) 
s[6]=s[4] 

h_s[6]=enthalpy(Fluid$, P=P[6], s=s[6]) 
x_s[6]=quality(Fluid$, P=P[6], s=s[6]) 

h[5]=h[4]-eta_T*(h[4]-h_s[5]) 
h[6]=h[4]-eta_T*(h[4]-h s[6]) 
x[5]=quality(Fluid$, P=P[5], h=h[5]) 
x[6]=quality(Fluid$, P=P[6], h=h[6]) 

"closed feedwater heater" 
x[7]=0 

h[7]=enthalpy(Fluid$, P=P[7], x=x[7]) 
T[7]=temperature(Fluid$, P=P[7], x=x[7]) 
T[3]=T[7] 

h[3]=enthalpy(Fluid$, P=P[3], T=T[3]) 
y=(h[3]-h[2])/(h[5]-h[7]) "y=m_doL5/m„dot_4" 

"cycle" 

qjn=h[4]-h[3] 

w T_out=h[4]-h[5]+(1-y)*(h[5]-h[6]) 
w_n et= w_T_ou t- w_p_i n 
Eta_th=w_net/q_in 
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Solution with 10 kPa pressure drop in the boiler: 


DELTAP_boiler= 1 0 [kPa] 
Eta_th=0.2827 
P[3]=3000 [kPa] 
q_in=2352.8 [kj/kg] 
w_p_in=3.03 1 [m A 3-kPa/kg] 
y =0.2405 


eta_T=0.9 

Fluid$='steam_iapws' 
P[4]=2990 [kPa] 
w_net=665.1 [kJ/kg] 
w_T_out=668.1 [kJ/kg] 
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Solution without any pressure drop in the boiler: 


DELTAP_boiler=0 [kPa] 
Eta_th=0.3136 
P[3]=3000 [kPa] 
q_in=2352.5 [kj/kg] 
w_p_in=3.031 [m A 3-kPa/kg] 
y =0.2437 


eta_T= 1 

Fluid$='steam_iapws' 
P[4]=3000 [kPa] 
w_net=737.8 [kJ/kg] 
w_T_out=740.9 [kJ/kg] 
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10-53 A steam power plant operates on an ideal regenerative Rankine cycle with two feedwater heaters, one closed 
and one open. The mass flow rate of steam through the boiler for a net power output of 400 MW and the thermal efficiency 
of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic 
and potential energy changes are negligible. 


Analysis ( a ) From the steam tables (Tables A-4, A-5, and 
A-6), 

K — hf@ 10 kPa — 191.81 kJ/kg 

^1 =C/ /@10kPa =0 - 00101 m3/k S 
pi, in = V 1 (^2 “ ^1 ) 

= (o.00101 m 3 /kg)(600-10 kPa. 

v 7 lkPa-m 3 

= 0.60 kJ/kg 

h 2 =h { +w pIin = 191.81 + 0.60 = 192.40 kJ/kg 


/r 3 — hf@ o.3 MPa — 670.38 kJ/kg 


w 


lkJ 



^3 “ V f@ 0 


.3 MPa = 0.00 1101 m7kg 


P 3 = 0.6 MPa 
sat. liquid 

w pII , in = U 3 (^4 “ ^3 ) 

= (o.001101 m 3 /kgVl0000 - 600 kPa 

v 7 [lkPa-m 3 

= 10.35 kJ/kg 

h A = h 3 + w pII in = 670.38 + 10.35 = 680.73 kJ/kg 


lkJ 


P 6 =1.2 MPa 
sat. liquid 


h 6 - h 7 - hj@ 12 MPa _ 798.33 kJ/kg 
^6 = ^sat@ 1.2 MPa = 188.0°C 


T 6 =T 5 , P 5 =10 MPa -> h 5 = 798.33 kJ/kg 


P 8 =10 MPa 
T 8 = 600°C 

Pn =1.2 MPa 


h 8 =3625.8 kJ/kg 
s 8 = 6.9045 kJ/kg • K 



9 

s 9 =s 


h 9 = 2974.5 kJ/kg 
Pm — 0.6 MPa 


10 

*10 = ^8 

P n =10kPa 
*11 = s s 


h l0 = 2820.9 kJ/kg 


*11 = 


*11-*/ 6.9045-0.6492 


7 ? 


7.4996 


= 0.8341 


/i„ = A f +x n h f =191.81 + (0.834l)(2392.l) = 2187.0 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Q = W = Ake = Ape = 0 , 

f -f —A F <^0 (steady) _ q 
system — u 


in 


'out 

zL =e 


in 


out 


'Y/ h ih i =^m e h e >m 9 (h 9 -h 6 )=m 5 (h 5 -h 4 ) > y{h 9 -h 6 ) = (h 5 -h 4 ) 

where y is the fraction of steam extracted from the turbine ( = m 10 / m 5 ). Solving for y, 
h 5 -h 4 798.33-680.73 


y = 


h 9 -h 6 


2974.5-798.33 


= 0.05404 
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For the open FWH, 

f. - 77 - AF <^0 (steady) _ q 

^ out z - vx ^ system w 


^in — ^out 


> ' n i h i +™ 2 h 2 + m u)h H) =m 3 h- i > yh 7 +(l -y-z)h 2 +zh 10 = (l)h 3 

where z is the fraction of steam extracted from the turbine ( = iri^ / m 5 ) at the second stage. Solving for z. 


z _{ h 3- h i)- y( h 7 - h 2 ) _ 670.38 - 192.40 - (0.05404X798.33 - 192.40) _ 


h x 0 h 2 


2820.9-192.40 


= 0.1694 


Then, 


q. m = h s - h 5 = 3625.8 - 798.33 = 2827 kJ/kg 

cj out = (l - y - z X^i i - K ) = (l - 0.05404 - 0. 1 694 \2 1 87.0 - 1 9 1 . 8 1) = 1 549 kJ/kg 
W'net =4in “ 4out = 2827 - 1549 = 1278 kJ/kg 


and 


VF net 400,000 kJ/s . 

m = — ^ = ! = 31 3.0 kg/s 


W 


net 


1278 kJ/kg 


(b) 


rj ± = 1 - -ggHL = ! - 1549 kJ/k g- = 0.452 = 45.2% 


<7i 


in 


2827 kJ/kg 
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10-54 



Problem 10-53 is reconsidered. The effects of turbine and pump efficiencies on the mass flow rate and 


thermal efficiency are to be investigated. Also, the T-s diagram is to be plotted. 
Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

P[8] = 1 0000 [kPa] 

T[8] = 600 [C] 

P[9] = 1 200 [kPa] 

P_cfwh=600 [kPa] 

P[10] = P_cfwh 
P_cond=10 [kPa] 

P[11] = P_cond 

W_dot_net=400 [MW]*Convert(MW, kW) 

Eta_turb= 100/100 "Turbine isentropic efficiency" 

Eta_turb_hp = Eta_turb "Turbine isentropic efficiency for high pressure stages" 

Eta_turb_ip = Eta_turb "Turbine isentropic efficiency for intermediate pressure stages" 
Eta_turb_lp = Eta_turb "Turbine isentropic efficiency for low pressure stages" 

Eta_pump = 100/100 "Pump isentropic efficiency" 

"Condenser exit pump or Pump 1 analysis" 

Fluid$='Steam_IAPWS' 

P[1] = P[11] 

P[2]=P[10] 

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Sat'd liquid} 
vl =volume(Fluid$,P=P[1 ],x=0) 
s[1]=entropy(Fluid$,P=P[1],x=0) 

T[1]=temperature(Fluid$,P=P[1],x=0) 

w_pump1_s=v1 *(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 
h[1]+w_pump1= h[2] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Open Feedwater Heater analysis" 

z*h[10] + y*h[7] + (1-y-z)*h[2] = 1*h[3] "Steady-flow conservation of energy" 
h[3]=enthalpy(Fluid$,P=P[3],x=0) 

T[3]=temperature(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]" 
s[3]=entropy(Fluid$,P=P[3],x=0) 

"Boiler condensate pump or Pump 2 analysis" 

P[5]=P[8] 

P[4] = P[5] 

P[3]=P[10] 

v3=volume(Fluid$,P=P[3],x=0) 

w_pump2_s=v3*(P[4]-P[3])"SSSF isentropic pump work assuming constant specific volume" 
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency" 
h[3]+w_pump2= h[4] "Steady-flow conservation of energy" 
s[4]=entropy(Fluid$,P=P[4],h=h[4]) 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

"Closed Feedwater Heater analysis" 

P[6]=P[9] 

y*h[9] + 1*h[4] = 1*h[5] + y*h[6] "Steady-flow conservation of energy" 
h[5]=enthalpy(Fluid$,P=P[6],x=0) "h[5] = h(T[5], P[5]) where T[5]=Tsat at P[9]" 
T[5]=temperature(Fluid$,P=P[5],h=h[5]) "Condensate leaves heater as sat. liquid at P[6]" 
s[5]=entropy(Fluid$,P=P[6],h=h[5]) 
h[6]=enthalpy(Fluid$,P=P[6],x=0) 

T[6]=temperature(Fluid$,P=P[6],x=0) "Condensate leaves heater as sat. liquid at P[6]" 
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s[6]=entropy(Fluid$,P=P[6],x=0) 

"Trap analysis" 

P[7] = P[1 0] 

y*h[6] = y*h[7] "Steady-flow conservation of energy for the trap operating as a throttle" 

T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 

"Boiler analysis" 

qjn + h[5]=h[8]"SSSF conservation of energy for the Boiler" 
h[8]=enthalpy(Fluid$, T=T[8], P=P[8]) 
s[8]=entropy(Fluid$, T=T[8], P=P[8]) 

"Turbine analysis" 
ss[9]=s[8] 

hs[9]=enthalpy(Fluid$,s=ss[9],P=P[9]) 

Ts[9]=temperature(Fluid$,s=ss[9],P=P[9]) 

h[9]=h[8]-Eta_turb_hp*(h[8]-hs[9])"Definition of turbine efficiency for high pressure stages" 

T[9]=temperature(Fluid$,P=P[9],h=h[9]) 

s[9]=entropy(Fluid$,P=P[9],h=h[9]) 

ss[10]=s[8] 

hs[1 0]=enthalpy(Fluid$,s=ss[1 0],P=P[1 0]) 

Ts[1 0]=temperature(Fluid$,s=ss[1 0],P=P[1 0]) 

h[10]=h[9]-Eta_turb_ip*(h[9]-hs[10])"Definition of turbine efficiency for Intermediate pressure stages" 

T[1 0]=temperature(Fluid$,P=P[1 0],h=h[1 0]) 
s[1 0]=entropy(Fluid$,P=P[1 0],h=h[1 0]) 
ss[1 1]=s[8] 

hs[1 1]=enthalpy(Fluid$,s=ss[1 1],P=P[1 1]) 

T s[1 1 ]=temperature(Fluid$,s=ss[1 1 ],P=P[1 1 ]) 

h[1 1 ]=h[1 0]-Eta_turb_lp*(h[1 0]-hs[1 1 ])"Definition of turbine efficiency for low pressure stages" 

T[1 1 ]=temperature(Fluid$,P=P[1 1 ],h=h[1 1 ]) 
s[1 1 ]=entropy(Fluid$,P=P[1 1 ],h=h[1 1 ]) 

h[8] =y*h[9] + z*h[1 0] + (1 -y-z)*h[1 1 ] + w_turb "SSSF conservation of energy for turbine" 

"Condenser analysis" 

(1 -y-z)*h[1 1 ]=q_out+(1 -y-z)*h[1 ]"SSSF First Law for the Condenser" 

"Cycle Statistics" 

w_net=w_turb - ((1-y-z)*w_pump1+ w_pump2) 

Eta_th=w_net/q_in 
W dot net = m dot * w net 


Hturb 

nth 

m [kg/s] 

0.7 

0.3834 

369 

0.75 

0.397 

356.3 

0.8 

0.4096 

345.4 

0.85 

0.4212 

335.8 

0.9 

0.4321 

327.4 

0.95 

0.4423 

319.8 

1 

0.452 

313 


Hpump 

nth 

m [kg/s] 

0.7 

0.4509 

313.8 

0.75 

0.4511 

313.6 

0.8 

0.4513 

313.4 

0.85 

0.4515 

313.3 

0.9 

0.4517 

313.2 

0.95 

0.4519 

313.1 

1 

0.452 

313 
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Pcfwh [kPa] 

y 

Z 

100 

0.1702 

0.05289 

200 

0.1301 

0.09634 

300 

0.1041 

0.1226 

400 

0.08421 

0.1418 

500 

0.06794 

0.1569 

600 

0.05404 

0.1694 

700 

0.04182 

0.1801 

800 

0.03088 

0.1895 

900 

0.02094 

0.1979 

1000 

0.01179 

0.2054 




murb 
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10-51 



^Iturb 



313.8 
313.7 
313.6 
313.5 
313.4 
313.3 
313.2 
313.1 
313 

312.9 




Pcfwh [k p a] 
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10-55 A steam power plant operates on an ideal reheat-regenerative Rankine cycle with an open feedwater heater. The 
mass flow rate of steam through the boiler and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( a ) From the steam tables (Tables A-4, A-5, and A-6), 

h\ = hf@ 10 kPa = 191.81 kJ/kg 


i/, = (/ 


w 


f@ lOkPa — 0.00101 m /kg 
pIm =«/ 1 (p 2 -P 1 )=(o.00101 m 3 /kg)(800- lOkPa 
= 0.80 kJ/kg 

h 2 =h x +w /?/in = 191.81 + 0.80 = 192.61 kJ/kg 


lkJ 


IkPam 3 


P 3 = 0.8 MPa 


sat.liquid 


w 


pii 


^3 ~ h/@ o 8 MPa - 720.87 kJ/kg 
^3 ={/ f@ 0.8 MPa =0.001115 m 3 /kg 

in = v 3 (p 4 -P 3 )= (o.001115 m 3 /kg)(l0,000-800 kPa 
= 10.26 kJ/kg 

h 4 =h 3 + w pIIM = 720.87 + 10.26 = 731.12 kJ/kg 

h 5 = 3502.0 kJ/kg 
s 3 = 6.7585 kJ/kg -K 


lkJ 


1 kPa-m 



P 5 =10 MPa 


T 5 = 550°C J 
P 6 = 0.8 MPa 

*6 = ^5 

P 1 =0.8 MPa 
r 7 = 500°c 

P 8 = lOkPa 

^8 = S 1 


h 6 =2812.1 kJ/kg 

h 7 =3481.3 kJ/kg 
s v =7.8692 kJ/kg -K 




S Q 


*8 = 


s f 7.8692-0.6492 


7 N/ 8 


4 


fg 


7.4996 


= 0.9627 



h % =h f +x % h r „ = 191.81 + (0.9627 )(2392.l)= 2494.7 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Q = W = Ake = Ape = 0 , 


p. -p - Ap <^0 (steady) _ q p ~p 

^out “ system — v i^ in — ^ out 


X'”' 71 ' = X" 7 ' 71 '- > "V?6 + '” 2^2 = m 3 h 3 > yh 6 + (l - y)h 2 = 1 (h 3 ) 


where y is the fraction of steam extracted from the turbine ( = m 6 / m 3 ). Solving for y, 


y = 


h 3 ~ h 2 

K ~ h 2 


720.87-192.61 

2812.1-192.61 


0.2017 


Then, q in =(h 5 -h 4 )+{l-y\h 7 -h 6 )= (3502.0-731. 12) + (l-0.2017)(3481. 3-2812.1) = 3305.1 kJ/kg 
q out = (l - y\h s -/;,)= (l-0.2017)(2494.7 - 191. 8l) = 1838.5 kJ/kg 
w ne t = Qm - Qout - 3305.1-1838.5 = 1466.6 kJ/kg 


and 


(b) 


W, 


m = 


net 


W 


net 


80,000 kJ/s 
1466.1 kJ/kg 


54.5 kg/s 


w 


^7th = 


net 




in 


1466.1 kJ/kg AO/ 

= 44.4% 

3305.1 kJ/kg 
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10-56 A steam power plant operates on an ideal reheat-regenerative Rankine cycle with a closed feedwater heater. The 
mass flow rate of steam through the boiler and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis 



(a) From the steam tables (Tables A-4, A-5, and A-6), 


\ - hf@ iokPa - 191.81 kJ/kg 
V\ = Vf@ iokPa = 0.00101 m 3 /kg 


w pIi n = v x (p 2 -P x )= (0.00101 m 3 /kgj(l0,000- 10 kPa 
= 10.09 kJ/kg 

h 2 =h ] + w pI in = 191.81 + 10.09 = 201.90 kJ/kg 
Pi = 0.8 MPa 1 ^3 ~ h/@ o.8 MPa = 720.87 kJ/kg 


lkJ 

1 kPa • m 3 


- U f@ 0.8 MPa - 0.001 115 m /kg 


sat.liquid 


’pii, in= ^{ p 4 ~ p 3)= (0.001115 m 3 /kgJ(l0,000-800 kPa 
= 10.26 kJ/kg 

h 4 =h 3 + w pUM = 720.87 + 10.26 = 731.13 kJ/kg 


1 kPa • m 


Also, h 4 = h 9 = h\o = 731.12 kJ/kg since the two fluid streams that are being mixed have the same enthalpy. 

P 5 = 10 MPa \h 5 = 3502.0 kJ/kg 
T 5 = 550°C \s 5 = 6.7585 kJ/kg • K 


P 6 = 0.8 MPa 

*^6 = *^5 


h 6 = 2812.7 kJ/kg 


P 1 = 0.8 MPa 1 h 7 = 3481.3 kJ/kg 
r 7 = 500°C ] s 7 = 7.8692 kJ/kg • K 

Pt . 10tPa — =0.9627 

^8 — ^7 / V 

^ i i i a r\ a n i I rv z' ri \t r\ 


hg = h f + Xgh f g = 191.81 + (0.9627X2392.1) = 2494.7 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Q = W = Ake = Ape = 0 , 
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10-57 A Rankine steam cycle modified with two closed feedwater heaters is considered. The T-s diagram for the ideal cycle 
is to be sketched. The fraction of mass extracted for the closed feedwater heater z and the cooling water flow rate are to be 
determined. Also, the net power output and the thermal efficiency of the plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( b ) Using the data from the problem statement, the enthalpies at various states are 

\ ~ hf @ 20 kPa - 25 1 kJ/kg 

‘'l = t/ /-@20kPa= 0 - 00102 m 3/k g 


w 


f @ 20 

pi, in = U \ (^2 “ ^1 ) 

= fo.00102 m 3 



5000 - 20 kPa 


lkJ 


= 5.1 kJ/kg 
h 2 =h\+ w pIin =251 + 5.1 = 256.1 kJ/kg 


lkPa-m 3 


Also, 


245 kPa -533 kJ/kg 


ll 3 — h x j — /z y 
h x 2 = h\\ (throttle valve operation) 


h 4 — h 9 — hjr @ i4ookPa — 830 kJ/kg 
h x o = h 9 (throttle valve operation) 

An energy balance on the closed feedwater heater gives 
1 h 2 + zJv, + yh xo = lh 3 + (y + z)h x x 

where z is the fraction of steam extracted from the low-pressure turbine. Solving for z, 
(h 3 -h 2 ) + y(h x i - h l0 ) (533 - 256.1) + (0.1446)(533 - 830) 



z = 


h 7 h x x 


= 0.09810 


2918-533 

(c) An energy balance on the condenser gives 

ra 8 /r 8 +m w h wX +m x2 h x2 =m x h x +m w h w2 

MwiKl - Kl) = ™S h S + ^ 12^12 - ^ 1^1 

Solving for the mass flow rate of cooling water, and substituting with correct units, 
m 5 [(! - y - z)/z 8 + (y + z)h X2 - lh x ] 


m = 

" L \v 


C pw AT w 


(75)[(1 - 0.1446-0.09810X2477) + (0.1446 + 0.09810X533) - 1(251) 

(4.18X10) 

= 3147kg/s 

(d) The work output from the turbines is 

w+out = h 5 - y h 6 - zh 7 -(l- y- z)h s 

= 3900 - (0.1446)(3406) - (0.098 10)(29 18) - (1 - 0.1446 - 0.098 10)(2477) 
= 1245.4 kJ/kg 

The net work output from the cycle is 

^net — ^ ; T,out ^P,in 

= 1245.4 -5.1 = 1240.3 kJ/kg 
The net power output is 

W net = mw net = (75 kg/s)(l 240. 3 kJ/kg) = 93,024 kW = 93.0MW 
The rate of heat input in the boiler is 

Q m = m(h 5 -h 4 ) = (75 kg/s)(3900 - 830) kJ/kg = 230,250 kW 
The thermal efficiency is then 


W. 


7th = 


net 


93,024 kW 


Q m 230,250 kW 


= 0.404 = 40.4% 
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10-56 


10-58 The exergy destructions associated with each of the processes of the Rankine cycle described in Prob. 10-12 are to be 
determined for the specified source and sink temperatures. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From Problem 10-12, 

^1 = ^2 = s f@ 50 kPa = 1-0912 kJ/kg • K 
S 3 =S 4 -6.5412 kJ/kg K 
q in = 2650.72 kJ/kg 
q out = 1931.8 kJ/kg 


Processes 1-2 and 3-4 are isentropic. Thus, i n = 0 and / 34 = 0. Also, 


•^destroyed 2 3 ^0 


-^destroyed 41 ^0 


-^ 2 + 


Si ~ s 4 + 


4r, 23 
Qr, 41 


R J 


= (290 4 6.5412- 1.0912 + 
v A 1500 K 


= 1068 kJ/kg 


Ti 


R J 


= (290Kj 1 .0912-6,S4l2 t 19318tJ,tg 
v 1 290 K 


= 351.3 kJ/kg 


10-59 The exergy destructions associated with each of the processes of the Rankine cycle described in Prob. 10-16 are to be 
determined for the specified source and sink temperatures. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From Problem 10-16, 

= ^2 = $ f @iokPa = 0-6492 kJ/kg • K 
^3 = s 4 =6.5995 kJ/kg -K 
q m =3113.2 kJ/kg 
q out = 1897.9 kJ/kg 


Processes 1-2 and 3-4 are isentropic. Thus, i\ 2 = 0 and / 34 = 0. Also, 


•^destroy ed2 3 ^0 


•^destroyed^ 1 ^0 


^3 ^2 + 


4r, 23 


s { -s 4 + 


T 
Vrm 


T 


R 


R J 


= (290 k{ 6.5995 - 0.6492 4 ~ 3173 2ti,t8 
v 1 1500 K 


= 1112.1 kJ/kg 


= (290 K( 0.6492 - 6.5995+ 1897 9kJ/1: § 

v 1 290 K 


= 172.3 kJ/kg 
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10-60 The exergy destructions associated with each of the processes of the reheat Rankine cycle described in Prob. 10-31 
are to be determined for the specified source and sink temperatures. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From Problem 10-31, 

= ^2 = ^/@20kPa = 0.8320 kJ/kg • K 
s 3 = s 4 = 6.5432 kJ/kg • K 
s$ = £ 6 =7.1292 kJ/kg • K 
423, in = 3 178.3 - 257.50 = 2920.8 kJ/kg 
4 45 in = 3248.4 - 2901.0 = 347.3 kJ/kg 
4 out = h 6 -h x =2349.7-251.42 = 2098.3 kJ/kg 


Processes 1-2, 3-4, and 5-6 are isentropic. Thus, i X2 = *34 = *56 = 0. Also, 


A-de^yedza = T 0 \ s 3 - s 2 + = (295 k{ 6.5432 - 0.8320 + = 1110 kJ/kg 


1500 K 


A'des^yedds = t! s 5 -s 4 + ^ ] = (295 k[?.1292 - 6.5432 + = 104.6 kJ/kg 


1500 K 


''•destroyed^ i = T 0 \ s x -s 6 + ] = (295 k{ 0.8320 - 7.1292 + 2 Q 9 t!t J/kg l = 240 - 6 kJ/kg 


295 K 
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10-61 



Problem 10-60 is reconsidered. The problem is to be solved by the diagram window data entry feature of EES 


by including the effects of the turbine and pump efficiencies. Also, the T-s diagram is to be plotted. 
Analysis The problem is solved using EES, and the solution is given below. 


function x6$(x6) "this function returns a string to indicate the state of steam at point 6" 
x6$=" 

if (x6>1) then x6$='(superheated)' 

if (x6<0) then x6$='(subcooled)' 
end 

"Input Data - from diagram window" 

{P[6] = 20 [kPa] 

P[3] = 6000 [kPa] 

T[3] = 400 [C] 

P[4] = 2000 [kPa] 

T[5] = 400 [C] 

Eta_t = 100/100 "Turbine isentropic efficiency" 

Eta_p = 100/100 "Pump isentropic efficiency"} 

"Data for the irreversibility calculations:" 

T o = 295 [K] 

T_R_L = 295 [K] 

T_R_H = 1 500 [K] 

"Pump analysis" 

Fluid$='SteamJAPWS' 

P[1] = P[6] 

P[2]=P[3] 

x[1]=0 "Sat'd liquid" 
h[1 ]=enthalpy(Fluid$,P=P[1 ],x=x[1 ]) 
v[1 ]=volume(Fluid$,P=P[1],x=x[1 ]) 
s[1 ]=entropy(Fluid$,P=P[1],x=x[1 ]) 

T[1]=temperature(Fluid$,P=P[1],x=x[1]) 

W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 

W_p=W_p_s/Eta_p 

h[2]=h[1 ]+W_p "SSSF First Law for the pump" 

v[2]=volume(Fluid$,P=P[2],h=h[2]) 

s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"High Pressure Turbine analysis" 

h[3]=enthalpy(Fluid$,T=T[3],P=P[3]) 

s[3]=entropy(Fluid$,T=T[3],P=P[3]) 

v[3]=volume(Fluid$,T=T[3],P=P[3]) 

s_s[4]=s[3] 

hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 

Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 

Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

s[4]=entropy(Fluid$,T=T[4],P=P[4]) 

v[4]=volume(Fluid$,s=s[4],P=P[4]) 

h[3] =W_t_hp+h[4]"SSSF First Law for the high pressure turbine" 

"Low Pressure Turbine analysis" 

P[5]=P[4] 

s[5]=entropy(Fluid$,T=T[5],P=P[5]) 

h[5]=enthalpy(Fluid$,T=T[5],P=P[5]) 

s_s[6]=s[5] 

hs[6]=enthalpy(Fluid$,s=s_s[6],P=P[6]) 

Ts[6]=temperature(Fluid$,s=s_s[6],P=P[6]) 

vs[6]=volume(Fluid$,s=s_s[6],P=P[6]) 

Eta_t=(h[5]-h[6])/(h[5]-hs[6])"Definition of turbine efficiency" 
h[5]=W_t_lp+h[6]"SSSF First Law for the low pressure turbine" 

PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 


10-59 


x[6]=QUALITY(Fluid$,h=h[6],P=P[6]) 

"Boiler analysis" 

QJn + h[2]+h[4]=h[3]+h[5]"SSSF First Law for the Boiler" 

"Condenser analysis" 

h[6]=Q_out+h[1]"SSSF First Law for the Condenser" 
T[6]=temperature(Fluid$,h=h[6],P=P[6]) 
s[6]=entropy(Fluid$,h=h[6],P=P[6]) 
x6s$=x6$(x[6]) 

"Cycle Statistics" 

W_n et=' W_t_h p+ W_t_l p- W_p 
Eff=W_net/Q_in 

"The irreversibilities (or exergy destruction) for each of the processes are:" 

q_R_23 = - (h[3] - h[2]) "Heat transfer for the high temperature reservoir to process 2-3" 

i 23 = T_o*(s[3] -s[2] + q_R_23/T_R_H) 

q_R_45 = - (h[5] - h[4]) "Heat transfer for the high temperature reservoir to process 4-5" 
i_45 = T_o*(s[5] -s[4] + q_R_45/T_R_H) 

q_R_61 = (h[6] - h[1]) "Heat transfer to the low temperature reservoir in process 6-1" 

i 61 = T_o*(s[1 ] -s[6] + q_R_61/T_R_L) 

i 34 = T_o*(s[4] -s[3]) 

i 56 = T_o*(s[6] -s[5]) 

i_1 2 = T_o*(s[2] -s[1 ]) 



SOLUTION 

Eff=0.358 

Eta_t=1 

i_1 2=0.007 [kJ/kg] 
i_34=-0.000 [kJ/kg] 
i_56=0.000 [kJ/kg] 
Q_in=3268 [kJ/kg] 
q_R_23=-2921 [kJ/kg] 
q_R_6 1=2098 [kJ/kg] 
T_R_H=1 500 [K] 

W net=1 170 [kJ/kg] 
W_p_s=6.083 [kJ/kg] 
W_t_lp=898.7 [kJ/kg] 


Eta_p=1 

Fluid$='Steam_IAPWS' 
i_23=1 11 0.378 [kJ/kg] 
i_45= 104.554 [kJ/kg] 
i_6 1=240. 601 [kJ/kg] 
Q_out=2098 [kJ/kg] 
q_R_45=-347.3 [kJ/kg] 
T_o=295 [K] 
T_R_L=295 [K] 
W_p=6.083 [kJ/kg] 

W t_hp=277.2 [kJ/kg] 
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10-60 


10-62 The exergy destruction associated with the heat addition process and the expansion process in Prob. 10-37 are to be 
determined for the specified source and sink temperatures. The exergy of the steam at the boiler exit is also to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From Problem 10-37, 

= s 2 = s f @ lOkPa = 0-6492 kJ/kg- K 
^3 =6.5995 kJ/kg -K 

s 4 = 6.8464 kJ/kg - K (p 4 = 1 MPa, h 4 = 2902.0 kJ/kg) 
s $ =7.7642 kJ/kg -K 

s 6 = 8.3870 kJ/kg • K (p 6 = 10 kPa, h 6 = 2664.8 kJ/kg) 
h 3 =3375.1 kJ/kg 
q in = 3749.8 kJ/kg 


The exergy destruction associated with the combined pumping and the heat addition processes is 


-^destroyed -^0 


S "3 — Si + + 


Vr, 15 


T 


R J 


= (285 K j 6.5995 - 0.6492 + 7.7642 - 6.8464 + 3749 - 8kJ/k g 
v 1 1600 K 


= 1289.5 kJ/kg 


The exergy destruction associated with the pumping process is 

•*de s troyedl2 = ™ p,a ~ w p,s = w p,a ~ vAP = 10.62-10.09 = 0.53kJ/kg 

Thus, 

"''destroyed heating — "''destroyed •''destroyedl2 — 1289.5 0.5 — 1 289 kJ/kQ 


The exergy destruction associated with the expansion process is 


-*'destroyed34 ^0 


(i 4 -s 3 )+(i 6 -s 5 )+^^ 

1 R 




= (285 K)(6.8464 - 6.5995 + 8.3870 - 7.7642)kJ/kg • K 

= 247.9 kJ/kg 

The exergy of the steam at the boiler exit is determined from 


<Po 


Yl = (h 3 - K )- T 0 ( 5 3 - )+ 


+qz 3 


_ (/*3 h o) ^0(^3 *o) 


where 


Thus, 


ho - (285 K, 100kPa) - @ 285 K ~~ 50.51 kJ/kg 

^0 = 5 @ (285 K, lOOkPa) = s f @ 285 K = 0.1806 kJ/kg • K 

y / 3 = (3375. 1 - 50.5 1) kJ/kg - (285 KX6.5995 - 0. 1 806) kJ/kg • K = 1495 kJ/kg 
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10-61 


10-63 The exergy destruction associated with the regenerative cycle described in Prob. 10-45 is to be determined for the 
specified source and sink temperatures. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis From Problem 10-45, q m = 2692.2 kJ/kg and q out = 1675.7 kJ/kg. Then the exergy destruction associated with this 
regenerative cycle is 


d es tro y ed^ycle -^0 


^out 


in 


k t l 


T 


= (290K)f 


1675.7 kJ/kg 2692.2 kJ/kg 


h j 


\ 290 K 


1500 K 


= 1155 kJ/kg 


10-64 The exergy destruction associated with the reheating and regeneration processes described in Prob. 10-55 are to be 
determined for the specified source and sink temperatures. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From Problem 10-55 and the steam tables, 
y = 0.2016 

^3 = ^/@o.8MPa = 2.0457 kJ/kg • K 
s 5 = s 6 =6.7585 kJ/kg -K 
s 7 = 7.8692 kJ/kg -K 
s \~ s 2~ s f @i okPa = 0.6492 kJ/kg • K 
Preheat = - K = 348 1 .3 - 2812.7 = 668.6 kJ/kg 


Then the exergy destruction associated with reheat and regeneration processes are 


r —T 

destroyed reheat 0 


^7 “*6 + 


Qr, 67 


T 


R 


, / -668.6 kJ/kg 

= (290 K 1 7.8692 - 6.7585 + ^ 

v \ 1800 K 

= 214.3 kJ/kg 


•^destroyed regen -^O^gen -^0 




4s 




sun' 


Tr 


= T Q {s 3 -ys 6 -{l-y)s 2 ) 


= (290 K)[2.0457 - (0.2016)(6.7585)- (l - 0.2016X0.6492)] 

= 47.8 kJ/kg 
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10-62 


10-65 A single-flash geothermal power plant uses hot geothermal water at 230°C as the heat source. The power output from 
the turbine, the thermal efficiency of the plant, the exergy of the geothermal liquid at the exit of the flash chamber, and the 
exergy destructions and exergy efficiencies for the flash chamber, the turbine, and the entire plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) We use properties of water for geothermal water (Tables A-4, A-5, and A-6) 



m 6 = /n, — /7?3 =230-38.19 = 191.81 kg/s 

The power output from the turbine is 

W T = m 3 (h 3 -h 4 ) = (38. 19kJ/kg)(2748. 1- 2464.3)kJ/kg = 10,842kW 

We use saturated liquid state at the standard temperature for dead state properties 

r 0 = 25°cl h 0 = 104.83 kJ/kg 
x 0 = 0 s 0 = 0.3672 kJ/kg 


E m = m x (h x -h 0 ) = (230 kJ/kg)(990. 14- 104.83)kJ/kg = 203,622 kW 


7th = 


W 


T,out 


E, 


in 


10,842 

203,622 


= 0.0532 = 5.3% 


(b) The specific exergies at various states are 

i // 1 =/;, -h 0 -7 0 (.v, - .s' 0 ) = (990. 14-1 04.83)kJ/kg -(298 K)(2.6 1 00 - 0.3672)kJ/kg. K = 2 1 6.53 kJ/kg 
Y 2 =h 2 -li 0 —T q (s 2 - lV 0 ) = (990. 14-1 04.83)kJ/kg - (298 K)(2.684 1 - 0.3672)kJ/kg. K = 1 94.44 kJ/kg 
Y 3 =/* 3 ~h 0 -7 0 (.v 3 - ,v 0 ) = (2748. 1 - 1 04. 83) kJ/kg - (298 K)(6. 8207 - 0.3672)kJ/kg. K = 7 1 9. 1 0 kJ/kg 
Ya =K -h 0 -T q (s 4 -s 0 ) = (2464. 3-104. 83)kJ/kg - (298 K)(7.7739 - 0.3672)kJ/kg. K = 1 5 1 .05 kJ/kg 
i// 6 =h 6 -h 0 -T 0 (s 6 - 5 0 ) = (640.09 - 104.83)kJ/kg - (298 K)(l . 8604 - 0.3672)kJ/kg.K = 89.97 kJ/kg 
The exergy of geothermal water at state 6 is 

=m 6 Y 6 = (191. 81kg/s)(89. 97 kJ/kg) = 17,257kW 

(c) Turbine: 

^dest,T =m 3 (Y 3 -y 4 )-W. t =(38.19kg/s)(719.10-151.05)kJ/kg-10,842kW = 10,854kW 
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10-63 


Wr 


^IfT ~ • 


T 


10,842 kW 


= 0.500 = 50.0% 


m 3 (y / 3 -y/ A ) (38.19kg/s)(719.10-151.05)kJ/kg 


(d) Plant: 


^m, Plant = ™\V\ = (230 kg/s)(216.53 kJ/kg) = 49,802 kW 
^destpiant = ^ in , Plant - W T = 49,802 - 10,842 = 38,960kW 


Wr 


*7 II, Plant ~~ • 


T 


10,842 kW 


= 0.2177 = 21 .8% 


*i„, Plant 49,802 kW 
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Cogeneration 


10-64 


10-66C The utilization factor of a cogeneration plant is the ratio of the energy utilized for a useful purpose to the total 
energy supplied. It could be unity for a plant that does not produce any power. 


10-67C No. A cogeneration plant may involve throttling, friction, and heat transfer through a finite temperature difference, 
and still have a utilization factor of unity. 


10-68C Yes, if the cycle involves no irreversibilities such as throttling, friction, and heat transfer through a finite 
temperature difference. 
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10-65 


10-69 A cogeneration plant is to generate power and process heat. Part of the steam extracted from the turbine at a relatively 
high pressure is used for process heating. The net power produced and the utilization factor of the plant are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 

^1 “ @ 10kPa =191.81 kJ/kg 


=l/ /@i0kPa =0.00101 m/kg 
WpUn = ''\{ P 2 ~ P \) 



lkJ 


lkPa-m 3 


= ^0.00101 m /kg 1(1200 - 10 kPa 
= 1.20 kJ/kg 
h 2 =h x +w pIin =191.81 + 1.20 = 193.01 kJ/kg 

h 2 = hf @ i 2 MPa = 298.33 kJ/kg 
Mixing chamber: 

710 (steady) _ q 


or, 


Then, 


F - F = A F 

^in ^out system 


*E m =E 


out 


/«,/?,■ = ^m e h e > m 4 h 4 = m 2 h 2 +m 3 h 3 

hi = »V*2 + = (22.50)(192.41)+ (7.50X798.33) = kJ/kg 



m 


30 

3 


u f @ ^=344.34 kJ/kg - 0.001031 m/kg 

w p]l,in = ( P 5 “ P 4 ) 


= 0.001031 m 


i/k g)(' 


4000-1200 kPa 


lkJ 


1 kPa • m 


= 2.89 kJ/kg 
h 5 = h 4 + w pn in = 344.34 + 2.89 = 347.22 kJ/kg 

P 6 = 4 MPa 1 h 6 = 3446.0 kJ/kg 
T 6 = 500°C ) s 6 = 7.0922 kJ/kg • K 


P, =1.2 MPa] 


S "7 = S. 


|/z 7 =3080.4 kJ/kg 


, s s -s f 7.0922-0.6492 ^ 

P 8 =10 kPa U 8 = - = = 0.8591 


So — s. 


fg 


7.4996 


h s = h f + x & h fg = 191.81 + (0.859l)(2392.l)= 2246.9 kJ/kg 


Aout = m 6 ( h 6 ~ h i) + m % {hn - h ) 

= (55 kg/sX3446.0 - 3080.4 )kJ/kg + (0.75 x 55 kg/s)(3080.4 - 2246.9 )kJ/kg = 54.494 kW 
W pia = m, w pI>ill + m 4 vv pnin = (0.75 x 55 kg/sXl .20 kJ/kg) + (55 kg/s)(2. 89 kJ/kg) = 208.3 kW 

+et - Aout ~ = 54.494 - 208.3 = 54,285 kW 

Also, e process = m 7 (hj -/+,) = (0.25 x 55 kg/sX3080.4 - 798.33) kJ/kg = 3 1,379 kW 



and 


Q in = m 5 (h 6 - h 5 )=( 55 kg/sX3446.0 - 347.22) = 170,435 kW 
^net Q pro cess 54,285 + 31,379 


e u = 


Gin 


170,435 


= 0.5026 = 50.3% 
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10-66 


10-70E A large food-processing plant requires steam at a relatively high pressure, which is extracted from the turbine of a 
cogeneration plant. The rate of heat transfer to the boiler and the power output of the cogeneration plant are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis {a) From the steam tables (Tables A-4E, A-5E, and A-6E), 


h \= h f@2 psia = 94 - 02 Btu/lbm 

=v f@ 2 psia= 0.01623 fi 3 /lbm 

Wpi, in =V l( P 2~ P l) /T lp 

= — — (0.01623 ft 3 /lbm)(140 - 2)psia 
0.86 \ 

1 Btu 

x 

v 5.4039 psia • ft 3 y 
= 0.48 Btu/lbm 

h 2 = h x + w plin = 94.02 + 0.48 = 94.50 Btu/lbm 
h 3 =h f@ 140psia = 324.92 Btu/lbm 



Mixing chamber: 


77 77 - \ 77 7,0 (steady) _ q 

-^in -^out system u 

E[ n ~ -^out 


X = X ™e h e > ^4 = ™2 h 2 + ™3 h 3 


or, 


h A = 


_ m 2 h 2 + m 3 h 3 _ (8.5)(94.50)+ (l.5)(324.92) _ 


m 


10 


= 129.07 Btu/lbm 


U 4 = Vf @ hs =1 29.07 Btu/lbm “ 0.01640 £ 3 /lbm 


^pn,in =^4^5 - Pa)/ rip 

= (o.01640 fl 3 /lbm)(800- 140 psia 
= 2.33 Btu/lbm 
h 5 = h 4 + w pII in =129.07 + 2.33 = 131.39 Btu/lbm 


1 Btu 


5.4039 psia-fi 


/( 0 . 86 ) 



P 6 = 800 psia 1 h 6 = 15 12.2 Btu/lbm 
r 6 =1000°F Js 6 =1.6812 Btu/lbm- R 


P ls =140 psia 

S ls - s 6 


I h ls =1287.5 Btu/lbm 


P Ss = 2 P sia 

S Ss = ^6 


X&s = 


s Ss ~ s 


f 


fg 


1.6812-0.17499 

1.74444 


= 0.8634 


h Ss =h f +x Ss h k =94.02 + (0.8634)(l021.7) = 976 


.21 Btu/lbm 


Then, Q in =m 5 (h 6 - h 5 ) = ( 1 0 I bm/s/ 1 5 1 2. 2 - 1 3 1 . 39 )B tu/ 1 bm = 1 3,8 1 0 B tu/s 

(b ) By, out = r] r W T s = 77 r \m 6 (h 6 - h ls ) + m 8 (h ls - h 8s )] 

= (0.86|(l0 lbm/s)(l512.2- 1287.5) Btu/lbm+ (1.5 lbm/sXl287.5 -976.21) Btu/lbm] 
= 4208 Btu/s= 4440 kW 
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10-67 


10-71 A cogeneration plant has two modes of operation. In the first mode, all the steam leaving the turbine at a relatively 
high pressure is routed to the process heater. In the second mode, 60 percent of the steam is routed to the process heater and 
remaining is expanded to the condenser pressure. The power produced and the rate at which process heat is supplied in the 
first mode, and the power produced and the rate of process heat supplied in the second mode are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) From the steam tables (Tables A-4, A-5, and A-6), 

h\ - hf @ 20 kPa ~ 251.42 kJ/kg 
‘'i = v /@20kPa =0.001017 mVkg 

= ^{Pi-Px) 

= (o.001017 m 3 /kg)(l 0,000- 20 kPa 
= 10. 15 kJ/kg 


w 


pi, in 


lkJ 


w 


1 kPa-m 

h 2 = h x +w pUn = 251.42 + 10.15 = 261.57 kJ/kg 

/?3 = hf @ 0.5 MPa = 640.09 kJ/kg 
^3 = Vf @ 0.5 MPa = 0.001093 m 3 /kg 

= (^4 “ ^3 ) 

= (o.001093 m 3 /kg)(l 0, 000 - 500 kP a 
= 10.38 kJ/kg 



pll,in 


lkJ 


1 kPa-m 

y 

l u =h 3 + w pDin = 640.09+ 10.38 = 650.47 kJ/kg 
Mixing chamber: 

f.-P — a p 7,0 ( stead Y) — 0 — » F — F 

^out — system “ ^ ^in “ -^out 

X ™i h i = X ™ ehe > ™S h 5 = ™2 h 2 + ™4 h 4 


or, 


lu = 


_ m 2 h 2 + m 4 h 4 = (2X261.57) + (3X650.47) = 4g4 gi ^ 



m< 


P 6 =10 MPa 
T 6 = 450°C 


h 6 = 3242.4 kJ/kg 
s 6 = 6.4219 kJ/kg • K 


Pn = 0.5 MPa 1 x 1 = 


s i ~ s f _ 6.4219-1.8604 
4.9603 


= 0.9196 


S "7 = s, 


s fg 

j h 7 = h f +x 7 h fg =640.09 + (0.9196X2108.0)= 2578.6 kJ/kg 


Po = 20 kPa 1 * 8 = 


S Q 


Sf 6.4219-0.8320 


So — s . 


fg 


7.0752 


= 0.7901 


/z 8 =h f + x%h fg = 251.42 + (0.790l)(2357.5)= 21 14.0 kJ/kg 


When the entire steam is routed to the process heater, 

Aout = m (, i h 6 ~ h i) = ( 5 kg/sX3242.4 - 2578.6)kJ/kg = 3319 kW 
Gprocess = m i ( h i ~ h 3 )= ( 5 kg/sX2578.6 - 640.09 )kJ/kg = 9693 kW 
( b ) When only 60% of the steam is routed to the process heater, 

+r,out = m (> ( h 6 ~ h i )+ fi h ( h i - h ) 

= (5 kg/s ^3 242. 4 - 2578.6) kJ/kg + (2 kg/sX2578.6 - 2 1 14.0) kJ/kg = 4248 kW 
(/process = m 7 (h 7 -h 3 ) = ( 3 kg/sX2578.6 - 640.09) kJ/kg = 5816 kW 
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10-68 


10-72 A cogeneration plant modified with regeneration is to generate power and process heat. The mass flow rate of steam 
through the boiler for a net power output of 25 MW is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 


h\ - hf @ i o kPa -191.81 kJ/kg 
= l/ /@iokPa =0.00101 m 3 /kg 


w 


pi, in 


= <'i('Wi) 

= (o.00101 m 3 

= 1.61 kJ/kg 



1600-10 kPa 


lkJ 


1 kPa • m 

h 2 =h x +w pIin = 191.81 + 1.61 = 193.41 kJ/kg 


W 


h 2 — h 4 — hg — hf @ j 6 MPa — 858.44 kJ/kg 

= v f @ 1.6 MPa = °- 001 159 m 3 /kg 
= ^(^5-^4) 

= (0.001159 m 3 
= 8.57 kJ/kg 


pll,in 



9000-400 kPa 


lkJ 


1 kPa • m 

h 5 = h 4 + vp pII in - 858.44+ 8.57 = 867.02 kJ/kg 


P 6 =9 MPa 1 h 6 = 31 18.8 kJ/kg 
T 6 = 400°C \s 6 = 6.2876 kJ/kg • K 


P 7 =1.6 MPal x n = 


S n ~ S 


f 6.2876 - 2.3435 


4.0765 


= 0.9675 



S n = .V, 


S f8 

J h 7 = h f +x 1 h fg = 858.44 + (0.9675)(l934.4) = 2730.0 kJ/kg 


So - s 


P 8 = 10 kPa jjtg = 
^8 = ^6 


/ 


fg 


6.2876-0.6492 

7.4996 


= 0.7518 



h s =h f +x s h fg = 191.81 + (0.7518X2392.1) = 1990.2 kJ/kg 


Then, per kg of steam flowing through the boiler, we have 

Wt.oui = ( K - h - j ) + (1 - >’)+ - K ) 

= (3 1 1 8.8 - 2730.0) kJ/kg + (l - 0.35)(2730.0 - 1990.2) kJ/kg 
= 869.7 kJ/kg 


^pjn = (1 - 3+pI.in + ^pILin 

= (1 - 0.35X1. 61 kJ/kg) + (8.57 kJ/kg) 

= 9.62 kJ/kg 

w„et = w T ,out - ^pan = §69.7 - 9.62 = 860.1 kJ/kg 


Thus, 




m = 


net 


W 


net 


25,000 kJ/s 
860.1 kJ/kg 


29.1 kg/s 
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10-69 


10-73 



Problem 10-72 is reconsidered. The effect of the extraction pressure for removing steam from the turbine to be 


used for the process heater and open feedwater heater on the required mass flow rate is to be investigated. 
Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

y = 0.35 "fraction of steam extracted from turbine for feedwater heater and process heater" 
P[6] = 9000 [kPa] 

T[6] = 400 [C] 

P_extract=1600 [kPa] 

P[7] = P_extract 
P_cond=10 [kPa] 

P[8] = P_cond 

W_dot_net=25 [MW]*Convert(MW, kW) 

Eta_turb= 100/100 "Turbine isentropic efficiency" 

Eta_pump = 100/100 "Pump isentropic efficiency" 

P[1] = P[8] 

P[2]=P[7] 

P[3]=P[7] 

P[4] = P[7] 

P[5]=P[6] 

P[9] = P[7] 

"Condenser exit pump or Pump 1 analysis" 

Fluid$- Steam JAPWS' 

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Sat'd liquid} 

v1=volume(Fluid$,P=P[1],x=0) 

s[1]=entropy(Fluid$,P=P[1],x=0) 

T[1]=temperature(Fluid$,P=P[1],x=0) 

w_pump1_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 
h[1]+w_pumpi= h[2] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Open Feedwater Heater analysis:" 

z*h[7] + (1- y)*h[2] = (1- y + z)*h[3] "Steady-flow conservation of energy" 
h[3]=enthalpy(Fluid$,P=P[3],x=0) 

T[3]=temperature(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]" 
s[3]=entropy(Fluid$,P=P[3],x=0) 

"Process heater analysis:" 

(y - z)*h[7] = q_process + (y - z)*h[9] "Steady-flow conservation of energy" 

Q_dot_process = m_dot*(y - z)*q_process"[kW]" 
h[9]=enthalpy(Fluid$,P=P[9],x=0) 

T[9]=temperature(Fluid$,P=P[9],x=0) "Condensate leaves heater as sat. liquid at P[3]" 
s[9]=entropy(Fluid$,P=P[9],x=0) 

"Mixing chamber at 3, 4, and 9:" 

(y-z)*h[9] + (1-y+z)*h[3] = 1*h[4] "Steady-flow conservation of energy" 
T[4]=temperature(Fluid$,P=P[4],h=h[4]) "Condensate leaves heater as sat. liquid at P[3]" 
s[4]=entropy(Fluid$,P=P[4],h=h[4]) 

"Boiler condensate pump or Pump 2 analysis" 
v4=volume(Fluid$,P=P[4],x=0) 

w_pump2_s=v4*(P[5]-P[4])"SSSF isentropic pump work assuming constant specific volume" 
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency" 
h[4]+w_pump2= h[5] "Steady-flow conservation of energy" 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 


10-70 

s[5]=entropy(Fluid$,P=P[5],h=h[5]) 

T[5]=temperature(Fluid$,P=P[5],h=h[5]) 

"Boiler analysis" 

qjn + h[5]=h[6]"SSSF conservation of energy for the Boiler" 
h[6]=enthalpy(Fluid$, T=T[6], P=P[6]) 
s[6]=entropy(Fluid$, T=T[6], P=P[6]) 

"Turbine analysis" 
ss[7]=s[6] 

hs[7]=enthalpy(Fluid$,s=ss[7],P=P[7]) 

Ts[7]=temperature(Fluid$,s=ss[7],P=P[7]) 

h[7]=h[6]-Eta_turb*(h[6]-hs[7])"Definition of turbine efficiency for high pressure stages" 

T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 

ss[8]=s[7] 

hs[8]=enthalpy(Fluid$,s=ss[8],P=P[8]) 

Ts[8]=temperature(Fluid$,s=ss[8],P=P[8]) 

h[8]=h[7]-Eta_turb*(h[7]-hs[8])"Definition of turbine efficiency for low pressure stages" 

T[8]=temperature(Fluid$,P=P[8],h=h[8]) 

s[8]=entropy(Fluid$,P=P[8],h=h[8]) 

h[6] =y*h[7] + (1- y)*h[8] + w_turb "SSSF conservation of energy for turbine" 

"Condenser analysis" 

(1- y)*h[8]=q_out+(1- y)*h[1]"SSSF First Law for the Condenser" 

"Cycle Statistics" 

w_net=w_turb - ((1- y)*w_pump1+ w_pump2) 

Eta_th=w_net/q_in 
W dot net = m dot * w net 


P extract 

[kPa] 

nth 

m 

[kg/s] 

Qprocess 

[kW] 

200 

0.3778 

25.4 

2770 

400 

0.3776 

26.43 

2137 

600 

0.3781 

27.11 

1745 

800 

0.3787 

27.63 

1459 

1000 

0.3794 

28.07 

1235 

1200 

0.3802 

28.44 

1053 

1400 

0.3811 

28.77 

900.7 

1600 

0.3819 

29.07 

770.9 

1800 

0.3828 

29.34 

659 

2000 

0.3837 

29.59 

561.8 
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^extract t kPa ] 
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^extract t kPa l 
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10-74E A cogeneration plant is to generate power while meeting the process steam requirements for a certain industrial 
application. The net power produced, the rate of process heat supply, and the utilization factor of this plant are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (, a ) From the steam tables (Tables A-4E, A-5E, and A-6E), 


(b) Q 


0 c ) 



Combined Gas-Vapor Power Cycles 

10-75C The energy source of the steam is the waste energy of the exhausted combustion gases. 


10-76C Because the combined gas-steam cycle takes advantage of the desirable characteristics of the gas cycle at high 
temperature, and those of steam cycle at low temperature, and combines them. The result is a cycle that is more efficient 
than either cycle executed operated alone. 
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10-77 A combined gas-steam power cycle is considered. The topping cycle is a gas-turbine cycle and the bottoming cycle is 
a simple ideal Rankine cycle. The mass flow rate of the steam, the net power output, and the thermal efficiency of the 
combined cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2). 

Analysis ( a ) The analysis of gas cycle yields 


t 6 =t 5 


r p 

f_6 


= (300 K)(l6) 


0.4/ 1.4 


= 662.5 K 


Gin ='»air( /! 7 “ K ) = "'airCp fa ~T 6 ) 

= (14 kg/sXl .005 kJ/kg • KXl500 - 662.5) K = 1 1,784 kW 

^C.gas = '"air ( h 6 ~ h 5 ) = '"air C p fa ~ T 5 ) 

= (14 kg/sXl.005 kJ/kg • KX662.5 -300) K = 5100 kW 

\ 0.4/ 1.4 


T q =T, 


/ p xN/i 
0 


\ P 7 J 


=(1500K (r6 


= 679.3 K 


Agas = ®a,r i h l ~ h g)= '"air c p fa ~ T 8 ) 

= (14 kg/sXl.005 kJ/kg- KX1500- 679.3) K = 11.547 kW 

Wnet,gas = A. gas “Agas = 1 1,547-5,100 = 6447 kW 
From the steam tables (Tables A-4, A-5, and A-6), 
h\ i5kp a — 225.94 kJ/kg 

^l =l/ /@i5kPa =0.001014 m 3 /kg 

Wpi^in = -^l)^ (o.001014 m 3 /kg)(l0,000-15 kPa 

h 2 =h { + w pI in = 225 .94 + 1 0. 1 3 = 236.06 kJ/kg 

P 3 = 10 MPa 1 A3 = 3097.0 kJ/kg 
r 3 =400°C J s 3 =6.2141 kJ/kg-K 



lkJ 


1 kPa-m 3 


= 10. 12 kJ/kg 


P 4 = 15 kPa 


Sa = s. 


x 4 = 


s 4 s f 


'fg 


6.2141-0.7549 

7.2522 


= 0.7528 


h 4 = h f + x 4 h Jg = 225.94 + (0.7528)(2372.3) = 201 1.8 kJ/kg 
Noting that Q = W = Ake = Ape = Ofor the heat exchanger, the steady-flow energy balance equation yields 

f -f -A F <^0 (steady) _ q P _P 

^in -^out ^-^system u ^out 

X fh ’ h ' = X A > ( A 3 - h 2 ) = '"air ( h S ~ h 9 ) 


i-Vii 005 tJ,t g - KXW9.3 - 420) K , 

(3097.0 - 236.06) kJ/kg 2 ' W 


A 3 - /z 2 


/z 3 -h 2 


(b) 


and 

(c) 


W x ,steam = ™ s fa ~ h a) = (1-275 kg/s)(3097.0 - 201 1.5) kJ/kg = 1384 kW 
%,s,eam = m s w p = 0-275 kg/s)(l0. 12 kJ/kg) = 12.9 kW 
W„et, steam = Wf, steam -^p.steam = 1384 - 12.9 = 1371 kW 
W„et =^net,s,eam + ^„et,gas = 1371 + 6448 = 781 9 kW 


IV 


7th = 


net 


7819 kW 


Q [n 1 1,784 kW 


= 66.4% 
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10-78 A 450-MW combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the 
bottoming cycle is an ideal Rankine cycle with an open feedwater heater. The mass flow rate of air to steam, the required 
rate of heat input in the combustion chamber, and the thermal efficiency of the combined cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 

Analysis (a) The analysis of gas cycle yields (Table 
A-17) 

r 8 = 300 K > h s = 300. 19 kJ/kg 

P, = 1.386 

r 8 

P,. = —V r , = (l4)(l.386) = 19.40 > h g = 635.5 kJ/kg 

Pq 


10 


r l 1 


= 1400 K 

— > h 
P 


( 1 1 


2^3 

0 

0 

v 14 J 

-460 K 



10 

r io 


(450.5) = 32. 18 > h x x = 735.8 kJ/kg 


>h n = 462.02 kJ/kg 


From the steam tables (Tables A -4, A-5, A-6), 


h x - hf @ 20 kPa - 251.42 kJ/kg 
‘'i @20kPa =0.00!017 mVkg 


w 


lkJ 


lkPa-m 3 


/ @ 20 

pi, in = v \ iPl ~ P \) 

= (0.001017 m 3 /kg)(600 - 20 kPa 
= 0.59 kJ/kg 
h 2 = h x + w pIin = 251.42 + 0.59 = 252.01 kJ/kg 

^3 = @ 0.6 MPa ~ 670.38 kJ/kg 

^3 ~ Vf @ 0.6 MPa “ 0.001 101 m /kg 

W pn,in = ~ P l) 


)(8,000-600 kPaj 

lkJ 


v 1 kPa • m 3 J 


= (0.001 101 m-7 
= 8. 15 kJ/kg 
h 4 = h 3 + w pIin = 670.38 + 8.15 = 678.53 kJ/kg 



P 5 = 8 MPa 1 h 5 = 3139.4 kJ/kg 
T 5 = 400°C ] s 3 = 6.3658 kJ/kg • K 


P 6 = 0.6 MPa 


^6 = ^5 


P 1 = 20 kPa 


x 6 = 


S 6~ S f 


'fg 


6.3658-1.9308 

4.8285 


= 0.9185 


^7 


h 6 = h f + x 6 h fg = 670.38 + (0.9185X2085.8) = 2586.1 kJ/kg 
s 7 ~s f 6.3658-0.8320 


= 


'fg 


7.0752 


= 0.7821 


hq = h f + Xqh fg = 251.42 + (0.782lX2357.5) = 2095.2 kJ/kg 
Noting that Q = W = Ake = Ape = Ofor the heat exchanger, the steady-flow energy balance equation yields 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 


10-75 


E - E ~ A F (steady) _ ^ 

l^ out — AAl^ system — U 


in 


^in _ ^out 


X ,h i h i = > M = '«airX 1 “ h \l) 


m 


air 


m. 


h 5 -h 4 
h u -h l2 


3139.4-678.53 

735.80-462.02 


= 8.99 kg air / kg steam 


( b ) Noting that Q = W = A ke = Ape = 0 for the open FWH, the steady-flow energy balance equation yields 


E - E ~ A F (steady) _ q 

Ls n „ t — system — u 


in 


'out 

iL =E 


in 


out 




-» rii 2 h 2 + thfthfi = rn 2 h 2 


■> yh 6 + (1 - y)h 2 = OX 


Thus, 


/z. -/z 2 670.38-252.01 ^ ,, £ r ^ 

y = — — = = 0.1792 (the fraction or steam extracted ) 

h 6 -h 2 2586.1-252.01 


w 


T 


= h 5 -h 6 +(l-yXh 6 -h 7 ) 

= 3 1 39.4 - 2586. 1 + (l - 0. 1792X2586. 1 - 2095.2) = 956.23 kJ/kg 


W net,steam = W T - W pin =W T ~( 1 - y)w p , ~ W pH 

= 956.23 - (l - 0.1792X0.59)- 8.15 = 948.56 kJ/kg 

net, gas = W T ~ w C,in = (^10 “ K l) _ fe “ 

= 15 15.42 - 735.8 - (635.5 - 300. 19) = 444.3 kJ/kg 


w 


The net work output per unit mass of gas is 


^net ^net,gas g 99 ^net, steam 


= 444.3 + ^(948.56) = 549.8 kJ/kg 


and 


450,000 kJ/s =818 _ ?kg/s 


air 


W 


net 


549.7 kJ/kg 


Q m = W7 air (/z, 0 -/zg) = (818.5 kg/sXl515.42- 635.5) kJ/kg = 720,215 kW 


, , ^net 450,000 kW coco/ 

(c) rj th = — — = = 62.5% 

Q. 720,215 kW 
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10-79 



Problem 10-78 is reconsidered. The effect of the gas cycle pressure ratio on the ratio of gas flow rate to steam 


flow rate and cycle thermal efficiency is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input data" 

T[8] = 300 [K] 

P[8] = 14.7 [kPa] 
"Pratio = 14" 

T[10] = 1400 [K] 

T[12] = 460 [K] 

P[12] = P[8] 
W_dot_net=450 [MW] 
Eta_comp = 1 .0 
Eta_gas_turb = 1 .0 
Eta_pump = 1 .0 
Eta_steam_turb = 1.0 
P[5] = 8000 [kPa] 

T[5] =(400+273) "[K]" 
P[6] = 600 [kPa] 

P[7] = 20 [kPa] 


"Gas compressor inlet" 

"Assumed air inlet pressure" 

"Pressure ratio for gas compressor" 

"Gas turbine inlet" ~ 

"Gas exit temperature from Gas-to-steam heat exchanger " 
"Assumed air exit pressure" 


"Steam turbine inlet" 

"Steam turbine inlet" 

"Extraction pressure for steam open feedwater heater" 
"Steam condenser pressure" 


"GAS POWER CYCLE ANALYSIS" 


"Gas Compressor anaysis" 
s[8]=ENTROPY(Air,T=T[8],P=P[8]) 

ss9=s[8] "For the ideal case the entropies are constant across the compressor" 

P[9] = Pratio*P[8] 

Ts9=temperature(Air,s=ss9,P=P[9])"Ts9 is the isentropic value of T[9] at compressor exit" 

Eta_comp = w_gas_comp_isen/w_gas_comp "compressor adiabatic efficiency, w_comp > w_comp_isen" 

h[8] + w_gas_comp_isen =hs9"SSSF conservation of energy for the isentropic compressor, assuming: adiabatic, 

ke=pe=0 per unit gas mass flow rate in kg/s" 

h[8]=ENTHALPY(Air,T =T[8]) 

hs9=ENTHALPY(Air,T=Ts9) 

h[8] + w_gas_comp = h[9]"SSSF conservation of energy for the actual compressor, assuming: adiabatic, 
ke=pe=0" 

T[9]=temperature(Air,h=h[9]) 

s[9]=ENTROPY(Air,T=T[9],P=P[9]) 

"Gas Cycle External heat exchanger analysis" 

h[9] + q in = h[1 0]"SSSF conservation of energy for the external heat exchanger, assuming W=0, ke=pe=0" 
h[1 0]=ENTHALPY(Air,T=T[1 0]) 

P[10]=P[9] "Assume process 9-10 is SSSF constant pressure" 

Q_dotJn"MW"*1000"kW/MW"=m_dot_gas*q_in 


"Gas Turbine analysis" 

s[1 0]=ENTROPY(Air,T=T[1 0],P=P[1 0]) 

ssl 1 =s[1 0] "For the ideal case the entropies are constant across the turbine" 

P[1 1 ] = P[1 0] /Pratio 

Tsl 1=temperature(Air,s=ss1 1,P=P[1 1])"Ts1 1 is the isentropic value of T[1 1] at gas turbine exit" 

Eta_gas_turb = w_gas_turb /w_gas_turb_isen "gas turbine adiabatic efficiency, w_gas_turb_isen > w_gas_turb" 
h[1 0] = w_gas_turb_isen + hsl 1 "SSSF conservation of energy for the isentropic gas turbine, assuming: 
adiabatic, ke=pe=0" 
hsl 1 =ENTHALPY(Air,T=Ts1 1 ) 

h[10] = w_gas_turb + h[11]"SSSF conservation of energy for the actual gas turbine, assuming: adiabatic, 
ke=pe=0" 

T[1 1]=temperature(Air,h=h[1 1]) 

s[1 1 ]=ENTROPY(Air,T=T[1 1 ],P=P[1 1 ]) 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 


10-77 


"Gas-to-Steam Heat Exchanger" 

"SSSF conservation of energy for the gas-to-steam heat exchanger, assuming: adiabatic, 

W=0, ke=pe=0" 

m_dot_gas*h[1 1] + m_dot_steam*h[4] = m_dot_gas*h[12] + m_dot_steam*h[5] 

h[1 2]=ENTHALPY(Air, T=T[1 2]) 

s[1 2]=ENTROPY(Air,T=T[1 2],P=P[1 2]) 

"STEAM CYCLE ANALYSIS" 

"Steam Condenser exit pump or Pump 1 analysis" 

Fluid$='Steam_IAPWS' 

P[1] = P[7] 

P[2]=P[6] 

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Saturated liquid} 
vl =volume(Fluid$,P=P[1 ],x=0) 
s[1]=entropy(Fluid$,P=P[1],x=0) 

T[1]=temperature(Fluid$,P=P[1],x=0) 

w_pump1_s=v1 *(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 
h[1]+w_pump1= h[2] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Open Feedwater Heater analysis" 

y*h[6] + (1-y)*h[2] = 1*h[3] Steady-flow conservation of energy" 

P[3]=P[6] 

h[3]=enthalpy(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]" 

T[3]=temperature(Fluid$,P=P[3],x=0) 

s[3]=entropy(Fluid$,P=P[3],x=0) 

"Boiler condensate pump or Pump 2 analysis" 

P[4] = P[5] 

v3=volume(Fluid$,P=P[3],x=0) 

w_pump2_s=v3*(P[4]-P[3])"SSSF isentropic pump work assuming constant specific volume" 
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency" 
h[3]+w_pump2= h[4] "Steady-flow conservation of energy" 
s[4]=entropy(Fluid$,P=P[4],h=h[4]) 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

w_steam_pumps = (1-y)*w_pump1+ w_pump2 "Total steam pump work input/ mass steam" 

"Steam Turbine analysis" 
h[5]=enthalpy(Fluid$,T=T[5],P=P[5]) 
s[5]=entropy(Fluid$,P=P[5],T=T[5]) 
ss6=s[5] 

hs6=enthalpy(Fluid$,s=ss6,P=P[6]) 

Ts6=temperature(Fluid$,s=ss6,P=P[6]) 

h[6]=h[5]-Eta_steam_turb*(h[5]-hs6)"Definition of steam turbine efficiency" 

T[6]=temperature(Fluid$,P=P[6],h=h[6]) 

s[6]=entropy(Fluid$,P=P[6],h=h[6]) 

ss7=s[5] 

hs7=enthalpy(Fluid$,s=ss7,P=P[7]) 

Ts7=temperature(Fluid$,s=ss7,P=P[7]) 

h[7]=h[5]-Eta_steam_turb*(h[5]-hs7)"Definition of steam turbine efficiency" 

T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 

"SSSF conservation of energy for the steam turbine: adiabatic, neglect ke and pe" 
h[5] = w_steam_turb + y*h[6] +(1-y)*h[7] 

"Steam Condenser analysis" 

(1-y)*h[7]=q_out+(1-y)*h[1]"SSSF conservation of energy for the Condenser per unit mass" 
Q_dot_out*Convert(MW, kW)=m_dot_steam*q_out 
"Cycle Statistics" 

MassRatio_gastosteam =m_dot_gas/m_dot_steam 

W_dot_net*Convert(MW, kW)=m_dot_gas*(w_gas_turb-w_gas_comp)+ m_dot_steam*(w_steam_turb - 
w_steam_pumps)"definition of the net cycle work" 

Eta_th=W_dot_net/Q_dot_in*Convert(, %) "Cycle thermal efficiency, in percent" 
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Bwr=(m_dot_gas*w_gas_comp + m_dot_steam*w_steam_pumps)/(m_dot_gas*w_gas_turb + 
m_dot_steam*w_steam_turb) "Back work ratio" 

W_dot_net_steam = m_dot_steam*(w_steam_turb - w_steam_pumps) 

W_dot_net_gas = m_dot_gas*(w_gas_turb - w_gas_comp) 

NetWorkRatio_gastosteam = W_dot_net_gas/W_dot_net_steam 


Pratio 

MassRatio 

Wnetgas 

Wnetsteam 

*nth 

NetWorkRatio 


gastosteam 

[kW] 

[kW] 

[%i 

gastosteam 

10 

7.108 

342944 

107056 

59.92 

3.203 

11 

7.574 

349014 

100986 

60.65 

3.456 

12 

8.043 

354353 

95647 

61.29 

3.705 

13 

8.519 

359110 

90890 

61.86 

3.951 

14 

9.001 

363394 

86606 

62.37 

4.196 

15 

9.492 

367285 

82715 

62.83 

4.44 

16 

9.993 

370849 

79151 

63.24 

4.685 

17 

10.51 

374135 

75865 

63.62 

4.932 

18 

11.03 

377182 

72818 

63.97 

5.18 

19 

11.57 

380024 

69976 

64.28 

5.431 

20 

12.12 

382687 

67313 

64.57 

5.685 


Combined Gas and Steam Power Cycle 
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Ratio of Gas Flow Rate to Steam Flow Rate vs Gas Pressure Ratio 
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10-80 A 450-MW combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the 
bottoming cycle is a nonideal Rankine cycle with an open feedwater heater. The mass flow rate of air to steam, the required 
rate of heat input in the combustion chamber, and the thermal efficiency of the combined cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 

Analysis (a) Using the properties of air from Table A- 17, the analysis of gas cycle yields 


P 8 = 300 K > h % = 300. 19 kJ/kg 

P =1.386 

r 8 

P rg = — P rs = (l4)(l.386) = 19.40 > h 9s = 635.5 kJ/kg 

Pq 


T|c = 


h 9s ^8 

h 9 - h s 


* h 9 = h s +(h 9s -h s )/r \ c 

= 300. 19 + (635.5 - 300. 19)/(0.82) 
= 709.1 kJ/kg 


T l0 = 1400 K > h l0 = 1515.42 kJ/kg 

P, =450.5 


'10 


p„ =—p r = 

r 10 

10 


rn P ' r ' 


"1" 

vl4y 


(450.5)= 32.18 > h Us = 735.8 kJ/kg 


T[ T = 


^10 

^10 ~ h \ Is 


■> h u - h l0 r| r (/?. 0 h { h ) 

= 1515.42 -(0.86)(l5 15.42- 735.8) 
= 844.95 kJ/kg 


P 12 = 460 K > h n = 462.02 kJ/kg 

From the steam tables (Tables A-4, A-5, and A-6), 



h\ — hf @ 20 kPa - 251.42 kJ/kg 
V 1 =Uf@ 20 kPa= 0.001017 m 3 /kg 

^pLin = V 1 ( P 2 - P\ ) 

= (o.001017 m 3 /kg)(600-20kPa 
= 0.59 kJ/kg 
h 2 = hi + vv pIin = 25 1 .42 + 0.59 = 252.01 kJ/kg 

^3 = hf @ o.6 MPa = 670.38 kJ/kg 
^3 = @ 0.6 MPa “ 0.001 101 m 3 /kg 

w pn,in - (^4 -P 3 ) 

= (0.001101 m 3 /kg )(8, 000-600 kPa 
= 8. 15 kJ/kg 
h 4 =h 3 + w plin = 670.38 + 8.15 = 678.52 kJ/kg 

P 5 = 8 MPa 1 h 5 =3139.4 kJ/kg 
T 5 = 400°C J^ 5 = 6.3658 kJ/kg - K 


lkJ 


1 kPa-m 


lkJ 


1 kPa-m 
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P 6 =0.6 MPa 


^ 6s = S 


X 6s = 


s 6 s ~ s f 6.3658-1.9308 


fg 


4.8285 


= 0.9184 


tIt = 


h 6s =h f +x 6s h fg = 670.38 + (0.9184X2085.8) = 2585.9 kJ/kg 
hs ~- h - > h 6 =h 5 -r] T {h 5 -h 6s ) = 3139.4- (0.86)(3 139.4- 2585.9) =2663.3 kJ/kg 

h 5~ h 6s 


Pn = 20 kPa 


Sn - S . 


x 7 ^^ = 6 - 3658 -°- 832 °= 0.7820 


fg 


7.0752 


llT = 


h-j 


h 7 , = h f + x 7 h fg =25 1.42 + (0.7820X2357.5) = 2095.1 kJ/kg 
» h 7 = h 5 -J] T {h 5 ~h ls )= 3139. 4-(0.86X3139. 4-2095. l)= 2241.3 kJ/kg 


^5 h ls 

Noting that Q = W = Ake = Ape = Ofor the heat exchanger, the steady-flow energy balance equation yields 

p _ p -A P +0 (steady) _ q 

system u 


'out 


in out 

K = E ( 

I+A =27"+ > + ( /z 5 - /! 4)='«air( /! ll- /j 12) 

hc-h. 3139.4-678.52 


m. 


air 


= 6.425 kg air / kg steam 


m 


h\\ — h\2 844.95-462.02 

( b ) Noting that Q = W = Ake = Ape = 0 for the open FWH, the steady-flow energy balance equation yields 


p -p - \p +0 (steady) _ q + _ p 

-^out system u ^ ^ 


in -^out 

^ m e h e > m 2 h 2 + m 6 h 6 = m 3 h 3 > yh 6 + (l - y)h 2 = (l )h : 


Thus, 


h 3 -h 2 670.38-252.01 „ £ r x 

y = — = = 0.1735 (the fraction or steam extracted) 

h 6 -h 2 2663.3-252.01 

w T =T) T [h 5 - h 6 + (1 - y\h 6 - h 7 )] 

= (0.86)[3139.4-2663.3 + (l-0.1735X2663.3-2241.3)]= 824.5 kJ/kg 

^net, steam = W T ~ W pin = W T -( 1 - y)w pJ ~ W pJ1 

= 824.5-(l-0.1735X0.59)-8.15 = 815.9 kJ/kg 

^ net, gas = W T ~ ^ c , in ={h l0 ~h n )- (kg - \ ) 

= 1515.42-844.95 -(709.1 -300.19) = 261.56 kJ/kg 
The net work output per unit mass of gas is 


w not = w notnw + 


w. 


net net, gas 1 6.423 net 


W net 450,000kJ/s , 

m.„ r = — — = = 1 158.2 kg/s 


.team =261.56 + ^, (815.9) = 388.55 kJ/kg 


air 


W r 


and 

(c) 


net 388.55 kJ/kg 

Gin = < r (^o ~h 9 )= (t 15 8.2 kg/sXl5 15.42 - 709. l) kJ/kg = 933,850 kW 

W aet 450,000 kW 

n th = = = 48.2% 

Q 933,850 kW 
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10-81 ““ Problem 10-80 is reconsidered. The effect of the gas cycle pressure ratio on the ratio of gas flow rate to steam 
flow rate and cycle thermal efficiency is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input data" 

T[8] = 300 [K] 

P[8] = 14.7 [kPa] 
"Pratio = 14" 

T[10] = 1400 [K] 

T[12] = 460 [K] 

P[12] = P[8] 
W_dot_net=450 [MW] 
Eta_comp = 0.82 
Eta_gas_turb = 0.86 
Eta_pump = 1 .0 
Eta_steam_turb = 0.86 
P[5] = 8000 [kPa] 

T[5] =(400+273) "K" 
P[6] = 600 [kPa] 

P[7] = 20 [kPa] 


"Gas compressor inlet" 

"Assumed air inlet pressure" 

"Pressure ratio for gas compressor" 

"Gas turbine inlet" ~ 

"Gas exit temperature from Gas-to-steam heat exchanger " 
"Assumed air exit pressure" 


"Steam turbine inlet" 

"Steam turbine inlet" 

"Extraction pressure for steam open feedwater heater" 
"Steam condenser pressure" 


"GAS POWER CYCLE ANALYSIS" 


"Gas Compressor anaysis" 
s[8]=ENTROPY(Air,T=T[8],P=P[8]) 

ss9=s[8] "For the ideal case the entropies are constant across the compressor" 

P[9] = Pratio*P[8] 

Ts9=temperature(Air,s=ss9,P=P[9])"Ts9 is the isentropic value of T[9] at compressor exit" 

Eta_comp = w_gas_comp_isen/w_gas_comp "compressor adiabatic efficiency, w_comp > w_comp_isen" 

h[8] + w_gas_comp_isen =hs9"SSSF conservation of energy for the isentropic compressor, assuming: adiabatic, 

ke=pe=0 per unit gas mass flow rate in kg/s" 

h[8]=ENTHALPY(Air,T=T[8]) 

hs9=ENTHALPY(Air,T=Ts9) 

h[8] + w_gas_comp = h[9]"SSSF conservation of energy for the actual compressor, assuming: adiabatic, 
ke=pe=0" 

T[9]=temperature(Air,h=h[9]) 

s[9]=ENTROPY(Air,T=T[9],P=P[9]) 

"Gas Cycle External heat exchanger analysis" 

h[9] + qjn = h[1 0]"SSSF conservation of energy for the external heat exchanger, assuming W=0, ke=pe=0" 
h[1 0]=ENTHALPY(Air,T=T[1 0]) 

P[10]=P[9] "Assume process 9-10 is SSSF constant pressure" 

Q_dotJn"MW"*1000"kW/MW"=m_dot_gas*q_in 


"Gas Turbine analysis" 

s[1 0]=ENTROPY(Air,T=T[1 0],P=P[1 0]) 

ssl 1 =s[1 0] "For the ideal case the entropies are constant across the turbine" 

P[1 1 ] = P[i 0] /Pratio 

Tsl 1=temperature(Air,s=ss1 1,P=P[1 1])"Ts1 1 is the isentropic value of T[1 1] at gas turbine exit" 

Eta_gas_turb = w_gas_turb /w_gas_turb_isen "gas turbine adiabatic efficiency, w_gas_turb_isen > w_gas_turb" 
h[1 0] = w_gas_turb_isen + hsl 1 "SSSF conservation of energy for the isentropic gas turbine, assuming: 
adiabatic, ke=pe=0" 
hsl 1 =ENTHALPY(Air,T=Ts1 1 ) 

h[10] = w_gas_turb + h[1 1]"SSSF conservation of energy for the actual gas turbine, assuming: adiabatic, 
ke=pe=0" 

T[1 1]=temperature(Air,h=h[1 1]) 

s[1 1 ]=ENTROPY(Air,T=T[1 1 ],P=P[1 1 ]) 
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"Gas-to-Steam Heat Exchanger" 

"SSSF conservation of energy for the gas-to-steam heat exchanger, assuming: adiabatic, 

W=0, ke=pe=0" 

m_dot_gas*h[1 1] + m_dot_steam*h[4] = m_dot_gas*h[12] + m_dot_steam*h[5] 

h[1 2]=ENTHALPY(Air, T=T[1 2]) 

s[1 2]=ENTROPY(Air,T=T[1 2],P=P[1 2]) 

"STEAM CYCLE ANALYSIS" 

"Steam Condenser exit pump or Pump 1 analysis" 

Fluid$='Steam_IAPWS' 

P[1] = P[7] 

P[2]=P[6] 

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Saturated liquid} 
vl =volume(Fluid$,P=P[1 ],x=0) 
s[1]=entropy(Fluid$,P=P[1],x=0) 

T[1]=temperature(Fluid$,P=P[1],x=0) 

w_pump1_s=v1 *(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 
h[1]+w_pump1= h[2] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Open Feedwater Heater analysis" 

y*h[6] + (1-y)*h[2] = 1*h[3] Steady-flow conservation of energy" 

P[3]=P[6] 

h[3]=enthalpy(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]" 

T[3]=temperature(Fluid$,P=P[3],x=0) 

s[3]=entropy(Fluid$,P=P[3],x=0) 

"Boiler condensate pump or Pump 2 analysis" 

P[4] = P[5] 

v3=volume(Fluid$,P=P[3],x=0) 

w_pump2_s=v3*(P[4]-P[3])"SSSF isentropic pump work assuming constant specific volume" 
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency" 
h[3]+w_pump2= h[4] "Steady-flow conservation of energy" 
s[4]=entropy(Fluid$,P=P[4],h=h[4]) 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

w_steam_pumps = (1-y)*w_pump1+ w_pump2 "Total steam pump work input/ mass steam" 

"Steam Turbine analysis" 
h[5]=enthalpy(Fluid$,T=T[5],P=P[5]) 
s[5]=entropy(Fluid$,P=P[5],T=T[5]) 
ss6=s[5] 

hs6=enthalpy(Fluid$,s=ss6,P=P[6]) 

Ts6=temperature(Fluid$,s=ss6,P=P[6]) 

h[6]=h[5]-Eta_steam_turb*(h[5]-hs6)"Definition of steam turbine efficiency" 

T[6]=temperature(Fluid$,P=P[6],h=h[6]) 

s[6]=entropy(Fluid$,P=P[6],h=h[6]) 

ss7=s[5] 

hs7=enthalpy(Fluid$,s=ss7,P=P[7]) 

Ts7=temperature(Fluid$,s=ss7,P=P[7]) 

h[7]=h[5]-Eta_steam_turb*(h[5]-hs7)"Definition of steam turbine efficiency" 

T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 

"SSSF conservation of energy for the steam turbine: adiabatic, neglect ke and pe" 
h[5] = w_steam_turb + y*h[6] +(1-y)*h[7] 

"Steam Condenser analysis" 

(1-y)*h[7]=q_out+(1-y)*h[1]"SSSF conservation of energy for the Condenser per unit mass" 
Q_dot_out*Convert(MW, kW)=m_dot_steam*q_out 
"Cycle Statistics" 

MassRatio_gastosteam =m_dot_gas/m_dot_steam 

W_dot_net*Convert(MW, kW)=m_dot_gas*(w_gas_turb-w_gas_comp)+ m_dot_steam*(w_steam_turb - 
w_steam_pumps)"definition of the net cycle work" 

Eta_th=W_dot_net/Q_dot_in*Convert(, %) "Cycle thermal efficiency, in percent" 
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Bwr=(m_dot_gas*w_gas_comp + m_dot_steam*w_steam_pumps)/(m_dot_gas*w_gas_turb + 
m_dot_steam*w_steam_turb) "Back work ratio" 

W_dot_net_steam = m_dot_steam*(w_steam_turb - w_steam_pumps) 

W_dot_net_gas = m_dot_gas*(w_gas_turb - w_gas_comp) 

NetWorkRatio_gastosteam = W_dot_net_gas/W_dot_net_steam 


Pratio 

MassRatio 

Wnetgas 

Wnetsteam 

*nth 

NetWorkRatio 


gastosteam 

[kW] 

[kW] 

r%i 

gastosteam 

6 

4.463 

262595 

187405 

45.29 

1.401 

8 

5.024 

279178 

170822 

46.66 

1.634 

10 

5.528 

289639 

160361 

47.42 

1.806 

12 

5.994 

296760 

153240 

47.82 

1.937 

14 

6.433 

301809 

148191 

47.99 

2.037 

15 

6.644 

303780 

146220 

48.01 

2.078 

16 

6.851 

305457 

144543 

47.99 

2.113 

18 

7.253 

308093 

141907 

47.87 

2.171 

20 

7.642 

309960 

140040 

47.64 

2.213 

22 

8.021 

311216 

138784 

47.34 

2.242 


Combined Gas and Steam Power Cycle 
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Cycle Thermal Efficiency vs Gas Cycle Pressure Ratio 




Ratio of Gas Row Rate to Steam Row Rate vs Gas Pressure Ratio 
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10-82 A 280-MW combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the 
bottoming cycle is a nonideal Rankine cycle with an open feedwater heater. The mass flow rate of air to steam, the required 
rate of heat input in the combustion chamber, and the thermal efficiency of the combined cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal 
gas with variable specific heats. 

Analysis (a) Using the properties of air from Table A- 17, the analysis 



= 674.40 kJ/kg 

T n = 420 K > h x 2 =421.26 kJ/kg 

From the steam tables (Tables A-4, A-5, and A-6), 


h\ —hf@ iokPa _ 191.81 kJ/kg 
V\ =‘ / /@iokPa =0.00101 m 3 /kg 

v V,,n = ( P 2 ~ P l ) 

= (o. 00101 m 3 /kg)(800-10kPa 
= 0.80 kJ/kg 
h 2 = h t + w pIin = 191.81 + 0.80 = 192.60 kJ/kg 

^3 = hf @ 0.8 MPa = 720.87 kJ/kg 
^3 = V f @ 0.8 MPa = 0-001 115 m 3 /kg 

w pE,in = u 3 (^4 “ P 3 ) 

= (o.OOl 115 m 3 /kg)(5000 - 800 kPa 
= 4.68 kJ/kg 
h 4 =h 3 + w pIin = 720.87 + 4.68 = 725.55 kJ/kg 

P 5 = 5 MPa 1 h 5 = 3069.3 kJ/kg 
T 5 = 350°C J = 6.45 16 kJ/kg • K 


lkJ 


lkPa-m 3 


lkJ 


1 kPa • m 
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P 6 =0.8 MPa 

S 6s =s 5 


,- hv - V - V = 6 - 4516 2 0457 -0,9545 


,/k 


4.6160 


t1 t = 


~K 

h 5 ~ Ks 


h 6s = h f + x 6s h fg = 720.87 + (0.9545X2085.8) = 2675.1 kJ/kg 
>h 6 = h 5 -tj T {h 5 - h 6s ) = 3069.3 - (0.86)(3069.3 - 2675.1) = 2730.3 kJ/kg 


P 1 = 10 kPa 


s n = .S'- 


s i~ s f 6.4516-0.6492 ___ _ 

x 7 v = = = 0.7737 


fg 


7.4996 


tit = 


h 5 h 7 


^5 ^7.? 


/r 7 , =h f + x 7 h fg =191.81 + (0.7737X2392.1)= 2042.5 kJ/kg 
>h 7 = h 5 -rj T (h 5 -/z 7 J= 3069.3 -(0.86X3069.3 -2042.5) = 21 86.3 kJ/kg 


Noting that Q = W = Ake = Ape = Ofor the heat exchanger, the steady-flow energy balance equation yields 

E - E ~ A F ^0 (steady) _ q 

^in ^out — system — u 

K = +ut 

='Y j m e h e » m s (h 5 - h 4 )=m. dir (h u -h n ) 


m 


air 


h 5 - h 4 


3069.3-725.55 


m. 


h\\ — h\ 2 674.40-421.26 


= 9.259 kg air / kg steam 


( b ) Noting that Q = W = Ake = Ape = 0 for the open FWH, the steady-flow energy balance equation yields 


E -E -A F <^0 (steady) _ q + _ p 

*+n ^out system KJ ^ " ^ 


in “out 

2>,A = ^™e h e > m 2 h 2 + lh 6 h 6 = ”V?3 > +6 + (l “ }') h 2 = 0 + 


Thus, 


y = 


hj ~ h 2 

K ~ h 2 


720.87 - 192.60 
2730.3-192.60 


= 0.2082 (the fraction of steam extracted ) 


w T = vt [ h s - K + (t - y\K ~ h i )] 

= (0.86)[3069.3 - 2730.3 + (l - 0.2082)(2730.3 - 21 86.3)] = 769.8 kJ/kg 

W'net.steam = W T ~ W pin = W T - (l - )+’ pJ - W p> n 

= 769.8 - (1 - 0.2082X0.80)- 4.68 = 764.5 kJ/kg 

w net,gas = W T ~ ^c.in = (*10 “ h \ 1 ) “ ( h 9 ~ h & ) 

= 1 161.07 - 674.40 - (660.74 - 300.19) = 126.12 kJ/kg 


The net work output per unit mass of gas is 


^net ^net,gas 


+ 


1 


6.425 


^net,steam = 126. 12 + -J- (764.5) = 208.69 kJ/kg 


9.259 


W net 280,000 kJ/s , 

m.„ r = —5* = I = 1341.7 kg/s 


air 


W r 


net 208.69 kJ/kg 

and Q in = m a , r ( h \ o * 9 ) = (l 341 .7 kg/sXl 1 6 1 .07 - 660.74) kJ/kg = 671 ,300 kW 

W^ = 280,000 kW = 

Qin 671,300 kW 
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10-83 



Problem 10-82 is reconsidered. The effect of the gas cycle pressure ratio on the ratio of gas flow rate to steam 


flow rate and cycle thermal efficiency is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input data" 

T[8] = 300 [K] 

P[8] = 1 00 [kPa] 

"Pratio = 11" 

T[10] = 1100 [K] 

T[12] = 420 [K] 

P[12] = P[8] 
W_dot_net=280 [MW] 
Eta_comp = 0.82 
Eta_gas_turb = 0.86 
Eta_pump = 1 .0 
Eta_steam_turb = 0.86 
P[5] = 5000 [kPa] 

T[5] =(350+273.15) "K" 
P[6] = 800 [kPa] 

P[7] = 10 [kPa] 


"Gas compressor inlet" 

"Assumed air inlet pressure" 

"Pressure ratio for gas compressor" 

"Gas turbine inlet" ~ 

"Gas exit temperature from Gas-to-steam heat exchanger " 
"Assumed air exit pressure" 


"Steam turbine inlet" 

"Steam turbine inlet" 

"Extraction pressure for steam open feedwater heater" 
"Steam condenser pressure" 


"GAS POWER CYCLE ANALYSIS" 


"Gas Compressor anaysis" 
s[8]=ENTROPY(Air,T=T[8],P=P[8]) 

ss9=s[8] "For the ideal case the entropies are constant across the compressor" 

P[9] = Pratio*P[8] 

Ts9=temperature(Air,s=ss9,P=P[9])"Ts9 is the isentropic value of T[9] at compressor exit" 

Eta_comp = w_gas_comp_isen/w_gas_comp "compressor adiabatic efficiency, w_comp > w_comp_isen" 

h[8] + w_gas_comp_isen =hs9"SSSF conservation of energy for the isentropic compressor, assuming: adiabatic, 

ke=pe=0 per unit gas mass flow rate in kg/s" 

h[8]=ENTHALPY(Air,T=T[8]) 

hs9=ENTHALPY(Air,T=Ts9) 

h[8] + w_gas_comp = h[9]"SSSF conservation of energy for the actual compressor, assuming: adiabatic, 
ke=pe=0" 

T[9]=temperature(Air,h=h[9]) 

s[9]=ENTROPY(Air,T=T[9],P=P[9]) 

"Gas Cycle External heat exchanger analysis" 

h[9] + q in = h[1 0]"SSSF conservation of energy for the external heat exchanger, assuming W=0, ke=pe=0" 
h[1 0]=ENTHALPY(Air,T=T[1 0]) 

P[10]=P[9] "Assume process 9-10 is SSSF constant pressure" 

Q_dotJn"MW"*1000"kW/MW"=m_dot_gas*q_in 


"Gas Turbine analysis" 

s[1 0]=ENTROPY(Air,T=T[1 0],P=P[1 0]) 

ssl 1 =s[1 0] "For the ideal case the entropies are constant across the turbine" 

P[1 1 ] = P[1 0] /Pratio 

Tsl 1=temperature(Air,s=ss1 1,P=P[1 1])"Ts1 1 is the isentropic value of T[1 1] at gas turbine exit" 

Eta_gas_turb = w_gas_turb /w_gas_turb_isen "gas turbine adiabatic efficiency, w_gas_turb_isen > w_gas_turb" 
h[1 0] = w_gas_turb_isen + hsl 1 "SSSF conservation of energy for the isentropic gas turbine, assuming: 
adiabatic, ke=pe=0" 
hsl 1 =ENTHALPY(Air,T=Ts1 1 ) 

h[10] = w_gas_turb + h[1 1]"SSSF conservation of energy for the actual gas turbine, assuming: adiabatic, 
ke=pe=0" 

T[1 1]=temperature(Air,h=h[1 1]) 

s[1 1 ]=ENTROPY(Air,T=T[1 1 ],P=P[1 1 ]) 
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"Gas-to-Steam Heat Exchanger" 

"SSSF conservation of energy for the gas-to-steam heat exchanger, assuming: adiabatic, 

W=0, ke=pe=0" 

m_dot_gas*h[1 1] + m_dot_steam*h[4] = m_dot_gas*h[12] + m_dot_steam*h[5] 

h[1 2]=ENTHALPY(Air, T=T[1 2]) 

s[1 2]=ENTROPY(Air,T=T[1 2],P=P[1 2]) 

"STEAM CYCLE ANALYSIS" 

"Steam Condenser exit pump or Pump 1 analysis" 

Fluid$='Steam_IAPWS' 

P[1] = P[7] 

P[2]=P[6] 

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Saturated liquid} 
vl =volume(Fluid$,P=P[1 ],x=0) 
s[1]=entropy(Fluid$,P=P[1],x=0) 

T[1]=temperature(Fluid$,P=P[1],x=0) 

w_pump1_s=v1 *(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 
h[1]+w_pump1= h[2] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Open Feedwater Heater analysis" 

y*h[6] + (1-y)*h[2] = 1*h[3] Steady-flow conservation of energy" 

P[3]=P[6] 

h[3]=enthalpy(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]" 

T[3]=temperature(Fluid$,P=P[3],x=0) 

s[3]=entropy(Fluid$,P=P[3],x=0) 

"Boiler condensate pump or Pump 2 analysis" 

P[4] = P[5] 

v3=volume(Fluid$,P=P[3],x=0) 

w_pump2_s=v3*(P[4]-P[3])"SSSF isentropic pump work assuming constant specific volume" 
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency" 
h[3]+w_pump2= h[4] "Steady-flow conservation of energy" 
s[4]=entropy(Fluid$,P=P[4],h=h[4]) 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

w_steam_pumps = (1-y)*w_pump1+ w_pump2 "Total steam pump work input/ mass steam" 

"Steam Turbine analysis" 
h[5]=enthalpy(Fluid$,T=T[5],P=P[5]) 
s[5]=entropy(Fluid$,P=P[5],T=T[5]) 
ss6=s[5] 

hs6=enthalpy(Fluid$,s=ss6,P=P[6]) 

Ts6=temperature(Fluid$,s=ss6,P=P[6]) 

h[6]=h[5]-Eta_steam_turb*(h[5]-hs6)"Definition of steam turbine efficiency" 

T[6]=temperature(Fluid$,P=P[6],h=h[6]) 

s[6]=entropy(Fluid$,P=P[6],h=h[6]) 

ss7=s[5] 

hs7=enthalpy(Fluid$,s=ss7,P=P[7]) 

Ts7=temperature(Fluid$,s=ss7,P=P[7]) 

h[7]=h[5]-Eta_steam_turb*(h[5]-hs7)"Definition of steam turbine efficiency" 

T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 

"SSSF conservation of energy for the steam turbine: adiabatic, neglect ke and pe" 
h[5] = w_steam_turb + y*h[6] +(1-y)*h[7] 

"Steam Condenser analysis" 

(1-y)*h[7]=q_out+(1-y)*h[1]"SSSF conservation of energy for the Condenser per unit mass" 
Q_dot_out*Convert(MW, kW)=m_dot_steam*q_out 
"Cycle Statistics" 

MassRatio_gastosteam =m_dot_gas/m_dot_steam 

W_dot_net*Convert(MW, kW)=m_dot_gas*(w_gas_turb-w_gas_comp)+ m_dot_steam*(w_steam_turb - 
w_steam_pumps)"definition of the net cycle work" 

Eta_th=W_dot_net/Q_dot_in*Convert(, %) "Cycle thermal efficiency, in percent" 
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Bwr=(m_dot_gas*w_gas_comp + m_dot_steam*w_steam_pumps)/(m_dot_gas*w_gas_turb + 
m_dot_steam*w_steam_turb) "Back work ratio" 

W_dot_net_steam = m_dot_steam*(w_steam_turb - w_steam_pumps) 

W_dot_net_gas = m_dot_gas*(w_gas_turb - w_gas_comp) 

NetWorkRatio_gastosteam = W_dot_net_gas/W_dot_net_steam 


P ratio 

MaSSRatiOgastosteam 

r lth 

[%] 

10 

8.775 

42.03 

11 

9.262 

41.67 

12 

9.743 

41.22 

13 

10.22 

40.68 

14 

10.7 

40.08 

15 

11.17 

39.4 

16 

11.64 

38.66 

17 

12.12 

37.86 

18 

12.59 

36.99 

19 

13.07 

36.07 

20 

13.55 

35.08 


Combined Gas and Steam Power Cycle 



s [kJ/kg-K] 
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10-84 A combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the bottoming 
cycle is a nonideal reheat Rankine cycle. The moisture percentage at the exit of the low-pressure turbine, the steam 
temperature at the inlet of the high-pressure turbine, and the thermal efficiency of the combined cycle are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 

Analysis (a) We obtain the air properties from EES. The analysis of gas cycle is as follows 


r 7 =i5°c 
T 7 = 15°C 


P 1 =100 kPa 
P 8 = 700 kPa 

^8 “ S 1 


->/z 7 = 288.53 kJ/kg 


s v =5.6649 kJ/kg 


\ s =503.70 kJ/kg 


*lc = 


hs hi 


ho - h 


7 


*h s = h 7 + (/i 8 , - h 7 )lrj c 

= 288.53 + (503.70 - 288.53)/(0.80) 
= 557.49 kJ/kg 


T 9 =950°C 
To =950°C 


P 9 = 700 kPa 
P 10 =100 kPa 

^ 10=^9 

h 9 - h l0 


+ h 9 =1305.2 kJ/kg 


ks 9 =6.6456 kJ/kg 


h =764.01 kJ/kg 


ri T = 


^9 h 1 0.9 


-> /ii o - h 9 rj T (h 9 h x 0s ) 

= 1305.2 - (0.80Xl305.2 - 764.0l) 
= 872.25 kJ/kg 7 


T x j = 200 °C > h x j = 475.77 kJ/kg 

From the steam tables (Tables A-4, A-5, and A-6 
or from EES), 


h\-hf @ io kPa - 191.81 kJ/kg 


u \ ~ @ 1 o 


kPa = 0.00101 m /kg 


w, 


pi. 


M =V x (P 2 -P\)/Ti p 


= 0.00101 m- 



6000-10 kPa 


lkJ 


1 kPa • m 3 


/0.80 


= 7.56 kJ/kg 
h 2 =h x + w plin = 191.81 + 7.65 = 199.37 kJ/kg 

P 5 = 1 MPal h 5 = 3264.5 kJ/kg 
T 5 = 400°CJ = 7.4670 kJ/kg • K 


P 6 = 10 kPa 


S 6s ~ s ‘ 


x 6s = 


S 6s -s f 7.4670-0.6492 


fg 


7.4996 


= 0.9091 



h 6s =h f +x 6s h fg = 191.81 + (0.909l)(2392.l) = 2366.4 kJ/kg 
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he - hr / \ 

} 7 t = 7 7 ^ ^6 = ^5 ~ 1 7 t v 2 5 ~ Ks ) 

h 5 ~ Ks 


= 3264.5 - (0.80)(3264.5 - 2366.4) 
= 2546.0 kJ/kg 


P 6 = 10kPa 


>jc 6 = 0.9842 


h 6 = 2546.5 kJ/kg 
Moisture Percentage = 1 - x 6 =1- 0.9842 = 0.0158 = 1 . 58 % 

(. b ) Noting that Q = W = Ake = Ape = Ofor the heat exchanger, the steady-flow energy balance equation yields 

£m = E oal 

= ^ lh e h e 

m s ( h 3 -h 2 )+ m s (h 5 -h 4 )= W a , r (h l0 -h n ) 

(4.6)[(3350.3 - 199.37) + (3264.5 - h 4 )] = (40)(872.25 - 475.77) >h 4 = 2967.8 kJ/kg 


Also, 


P 3 = 6 MPa 1 h 3 = 


T, = ? \ S ,= 


P 4 = 1 MPa 1 




Vt = 


h 3 - h 4 
h-i ~h 4s 


■> h 4 = h 3 -rj T (h 3 -h 4s ) 


The temperature at the inlet of the high-pressure turbine may be obtained by a trial-error approach or using EES from the 
above relations. The answer is P 3 = 469 . 6 ° C . Then, the enthalpy at state 3 becomes: /? 3 = 3350.3 kJ/kg 

(c) W r ,gas=" J air( / *9 - h 10 ) = (40 kg/sXl305.2 - 872.25) kJ/kg = 17,318 kW 
Wc, g as =" J air(^ - /l ?)=(40kg/sX557.49-288.53)kJ/kg=10,758kW 
^net,gas = ^T.gas -^C.gas = 17,318 - 10,758 = 6560 kW 

W T steam = m s (h 3 - h 4 + h 5 -h 6 ) = (4.6 kg/sX3350.3 - 2967.8 + 3264.5 - 2546.0) kJ/kg = 5065 kW 


^P.steam ^ pump 


= (4.6 kg/sX7.564) kJ/kg = 34.8 kW 


id) 


^Weam = Wr.steam ~ ^P.s.eam = 5065 - 34.8 = 5030 kW 
^net.plan, = ^net,gas + ^net, S ,eam = 6560 + 5030 = 1 1 ,590kW 
Qm =™air( /j 9 “ \ ) = (40 kg/sX 1 305.2 - 557.49) kJ/kg = 29,908 kW 

, th ^^= 11 ’ 59QkW =0.3875 = 38.8% 


Gin 


29,908kW 


The EES code for the solution of this problem is as follows: 
"GIVEN" 

P[7]=100 [kPa] "assumed" 
r=7; P[8]=r*P[7]; P[9]=P[8]; P[10]=P[7]; P[1 1]=P[7] 
T[7]=1 5 [C]; T[9]=950 [C]; T[11]=200 [C] 
m_dot_gas=40 [kg/s]; m_dot_steam=4.6 [kg/s] 
P[3]=6000 [kPa]; P[6]=10 [kPa]; P[2]=P[3]; P[1]=P[6] 
T[5]=400 [C]; P[5]=1000 [kPa]; P[4]=P[5] 
eta_C=0.80; eta_T=0.80; eta_P=0.80 
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"PROPERTIES, gas cycle" 

GasFluid$='Air' 

h[7]=enthalpy(GasFluid$, T=T[7]) 
s[7]=entropy(GasFluid$, T=T[7], P=P[7]) 
h_8s=enthalpy(GasFluid$, P=P[8], s=s[7]) 
h[8]=h[7]+(h_8s-h[7])/eta_C 
h[9]=enthalpy(GasFluid$, T=T[9]) 
s[9]=entropy(GasFluid$, P=P[9], T=T[9]) 
h_10s=enthalpy(GasFluid$, P=P[10], s=s[9]) 
h[1 0]=h[9]-eta_T*(h[9]-h_1 Os) 

T[1 0]=temperature(GasFiuid$, h=h[1 0]) 
h[1 1 ]=enthalpy(GasFluid$, T=T[1 1 ]) 

"PROPERTIES, steam cycle" 

Steam Fluid$='Steam_iapws' 
h[1]=enthalpy(SteamFluid$, P=P[1], x=0) 
v_1=volume(SteamFluid$, P=P[1], x=0) 
w_pump=v_1 *(P[2]-P[1 ])/eta_P 
h[2]=h[1]+w_pump 

h[5]=enthalpy(SteamFluid$, P=P[5], T=T[5]) 
s[5]=entropy(SteamFluid$, P=P[5], T=T[5]) 
h_6s=enthalpy(SteamFluid$, P=P[6], s=s[5]) 
x_6s=quality(SteamFluid$, P=P[6], s=s[5]) 
h[6]=h[5]-eta_T*(h[5]-h_6s) 
h[3]=enthalpy(SteamFluid$, P=P[3], T=T[3]) 
s[3]=entropy(SteamFluid$, P=P[3], T=T[3]) 
h_4s=enthalpy(SteamFluid$, P=P[4], s=s[3]) 
h[4]=h[3]-eta_T*(h[3]-h_4s) 

"ANALYSIS" 

m_dot_gas*(h[10]-h[1 1])=m_dot_steam*(h[3]-h[2])+m_dot_steam*(h[5]-h[4]) "energy balance on heat 
exchanger" 

T_3=T[3] "temperature of steam at the turbine inlet" 
x_6=quality(SteamFluid$, P=P[6], h=h[6]) 

MoisturePercentage=(1-x_6)*Convert(, %) "moisture percentage at the turbine exit" 
W_dot_T_gas=m_dot_gas*(h[9]-h[10]) 

W_dot_C_gas=m_dot_gas*(h[8]-h[7]) 

W_dot_n et_g as=W_dot_T_g as - W_dot_C_g as 
W_dot_T_steam=m_dot_steam*(h[3]-h[4]+h[5]-h[6]) 

W_dot_P_steam=m_dot_steam*w_pump 

W_dot_net_steam=W_dot_T_steam-W_dot_P_steam 

W_dot_net_plant=W_dot_net_gas+W_dot_net_steam "net power from the plant" 
Q_dotJn=m_dot_gas*(h[9]-h[8]) 

Q_dot_out=m_dot_steam*(h[6]-h[1])+m_dot_gas*(h[1 1 ]-h[7]) 
eta_th=W_dot_net_plant/Q_dot_in "thermal efficiency" 
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10-85C Steam is not an ideal fluid for vapor power cycles because its critical temperature is low, its saturation dome 
resembles an inverted V, and its condenser pressure is too low. 


10-86C Binary power cycle is a cycle which is actually a combination of two cycles; one in the high temperature region, 
and the other in the low temperature region. Its purpose is to increase thermal efficiency. 


10-87C In binary vapor power cycles, both cycles are vapor cycles. In the combined gas -steam power cycle, one of the 
cycles is a gas cycle. 


10-88C Because mercury has a high critical temperature, relatively low critical pressure, but a very low condenser pressure. 
It is also toxic, expensive, and has a low enthalpy of vaporization. 


10-89 Consider the heat exchanger of a binary power cycle. The working fluid of the topping cycle (cycle A) enters the 
heat exchanger at state 1 and leaves at state 2. The working fluid of the bottoming cycle (cycle B) enters at state 3 and 
leaves at state 4. Neglecting any changes in kinetic and potential energies, and assuming the heat exchanger is well- 
insulated, the steady-flow energy balance relation yields 


Thus, 


f _ /7 -A F <^0 (steady) _ q 

l^ Ilt — AAl^ system — U 


in 


'out 

zL =E 


in 


out 


h A h 2 + m B h 4 = m A h x + m B h 3 or m A (h 2 - h x ) = m B (h 3 — h 4 ) 


ifi A h 3 - h 4 

m B h 2 -h x 
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Review Problems 


10-90 A steam power plant operates on the simple ideal Rankine cycle. The turbine inlet temperature, the net power output, 
the thermal efficiency, and the minimum mass flow rate of the cooling water required are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 


h\ — hf @ 7 5 kp a — 168.75 kJ/kg 
= v f @ 7.5 kPa = 0.001008 m 3 /kg 
^1 = ^sat @ 7.5 kPa = 40.29°C 

^p,in = i P 2 ~ P l ) 

= (o. 00 1008 m 3 /kg 

= 6.04 kJ/kg 
h 2 =h l +w p [n =168.75 + 6.04 = 174.79 kJ/kg 

/?4 = h g @ 7 5 kPa = 2574.0 kJ/kg 
^4 = s g @ 7.5 kPa = 8.2501 kJ/kg 

P 3 = 6 MPa I/Z3 = 4852.2 kJ/kg 
£3 = ^4 J T 3 = 1089. 2° C 


6000-7.5 kPa 


lkJ 

1 kPa-m 


(b) q m =h 3 -h 2 = 4852.2 - 174.79 = 4677.4 kJ/kg 
q out = h A -h l = 2574.0 - 168.75 = 2405.3 kJ/kg 
w ne t = q m ~ q 0 ut = 4677 - 4 - 2405.3 = 2272.1 kJ/kg 


and 


7th = 


w 


net 




in 


2272.1 kJ/kg JOPO/ 

= 48.6% 

4677.4 kJ/kg 


Thus, 

+ne, = ?7,h Gin =(0-4857X40,000 kJ/s) = 19,428 kj/s 



(c) The mass flow rate of the cooling water will be minimum when it is heated to the temperature of the steam in the 
condenser, which is 40.29°C, 


2out 


^cool 


Gin -W„ et = 40,000-19,428 = 20,572 kJ/s 

Gou, 20,572 kJ/s v 

cAT (4. 1 8 kJ/kg • °CX40. 29 - 15°C) 


kg/s 
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10-91 A simple ideal Rankine cycle with water as the working fluid operates between the specified pressure limits. The 
thermal efficiency of the cycle is to be compared when it is operated so that the liquid enters the pump as a saturated liquid 
against that when the liquid enters as a subcooled liquid. 

determined power produced by the turbine and consumed by the pump are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 


h\ — hf@ 50kPa — 340.54 kJ/kg 
V\ =Vf@ 20kPa = 0.001030 m 3 /kg 

W p,in = ^( P 2~ P l) 


lkJ 


lkPa-m 3 


= (0.001030 m /kg)(6000 - 50)kPa 
= 6. 13 kJ/kg 
h 2 = h x + w pin = 340.54 + 6.13 = 346.67 kJ/kg 


P 3 = 6000 kPa 
T 3 = 600°C 


P 4 = 50 kPa 


Sa = s 


h 3 = 3658.8 kJ/kg 
^3 = 7.1693 kJ/kg- K 

*4 -s f 7.1693-1.0912 


*4 = 


6.5019 


= 0.9348 



s fg 

h 4 =h f + x 4 h fg =340.54 + (0.9348)(2304.7) = 2495.0 kJ/kg 


Thus, 


q m =h 3 -h 2 =3658.8-346.67 = 33 12.1 kJ/kg 
q out =h 4 -h x =2495.0-340.54 = 2154.5 kJ/kg 


and the thermal efficiency of the cycle is 


, 9out , 2154.5 

77 t h = 1 = 1 

q m 3312.1 


0.3495 


When the liquid enters the pump 1 1.3°C cooler than 
P x = 50kPa 

T x = r sat @ 50kPa - 1 1 .3 = 8 1 .3 - 1 1 .3 = 70°C 

Wpin = (P 2 ~ P 0 , 

= (0.001023 m 3 /kg)(6000 - 50)kPa ■ 
= 6.09 kJ/kg ^ 


a saturated liquid at the condenser pressure, the enthalpies become 

h\ — hf @ 7 (pc —293.07 kJ/kg 
v x = v / @ 7 o°c = 0.001023 m 3 /kg 


lkPa-m 3 ) 


h 2 =h x + w p4n = 293.07 + 6.09 = 299. 16 kJ/kg 

Then, 

q m =h 3 -h 2 =3658.8-299.16 = 3359.6 kJ/kg 
q out = h 4 -h x = 2495.0-293.09 = 2201.9 kJ/kg 


r/ =\-*°«L=l 

q m 3359.6 


0.3446 


The thermal efficiency slightly decreases as a result of subcooling at the pump inlet. 
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10-92 A steam power plant operating on an ideal Rankine cycle with two stages of reheat is considered. The thermal 
efficiency of the cycle and the mass flow rate of the steam are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 


h\ - hf @ 30 kPa - 289.18 kJ/kg 
v i =l 7@30kPa =0.001022 m 3 /kg 

^pan = t/ l(^2 -^l) 

= ( 0.001022 m 3 /kg)(l 0,000 - 30 kPa 
= 10. 19 kJ/kg 


lkJ 


1 kPa • m 3 


h 2 = /;, + vv p>in = 289.18 + 10.19 = 299.37 kJ/kg 


Pi 

P'1 

Pa 


= 10 MPa 1 /z 3 =3500.9 kJ/kg 
= 550°C J s 3 = 6.7561 kJ/kg • K 


= 4 MPa 

= s 3 


h 4 = 3204.9 kJ/kg 


P 5 =4 MPa }h 5 
T 5 = 550°C }s 5 

P 6 = 2Mp aj 

^6 = ^5 J 


= 3559.7 kJ/kg 
= 7.2335 kJ/kg -K 

= 3321.1 kJ/kg 



P 7 = 2 MPa U 7 = 3578.4 kJ/kg 
r 7 = 550°C J s 7 = 7.5706 kJ/kg • K 


P 8 =30kPa 

^8 = ^7 


j *8 
^8 


s s~ s f _ 7 - 5706 -°- 9441 09711 
s fg 6.8234 

= h f +x 8 h fg =289.27 + (0.971lX2335.3)= 2557.1 kJ/kg 


Then, 

4in =( h 3 - h i) + ( h 5 -^ 4 )+ ( h i -h) 

= 3500.9 - 299.37 + 3559.7 - 3204.9 + 3578.4 - 3321.1 = 3813.7 kJ/kg 
q out = h s -h x =2557.1 -289.18 = 2267.9 kJ/kg 
w net “ ^in - ^out = 3813.7 - 2267.9 = 1545.8 kJ/kg 


Thus, 


Pth = 


w 


net 


<h 


in 


1545.8 kJ/kg 
3813.7 kJ/kg 


= 0.4053 = 40.5% 


( b ) The mass flow rate of the steam is then 


W. 


m = 


net 


W 


net 


75,000 kJ/s 
1545.8 kJ/kg 


48.5kg/s 
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10-93 A steam power plant operating on the ideal Rankine cycle with reheating is considered. The reheat pressures of the 
cycle are to be determined for the cases of single and double reheat. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) Single Reheat: From the steam tables (Tables A-4, A-5, and A-6 or EES), 

P 6 =10kPal h 6 = h f + x 6 h fg = 191.81 + (0.95)(2392.l) = 2464.3 kJ/kg 
x 6 = 0.95 J s 6 = s f + x 6 s fg = 0.6492 + (0.95)(7.4996) = 7.7739 kJ/kg • K 



Any pressure P x selected between the limits of 30 MPa and 2.908 MPa will satisfy the requirements, and can be used for the 
double reheat pressure. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



10-99 


10-94 An 150-MW steam power plant operating on a regenerative Rankine cycle with an open feedwater heater is 
considered. The mass flow rate of steam through the boiler, the thermal efficiency of the cycle, and the irreversibility 
associated with the regeneration process are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis 




(i a ) From the steam tables (Tables A-4, A-5, and A-6), 


h\ ~ hf @ iokPa — 191.81 kJ/kg 
v i = v f @ iokPa = 0.00101 m 3 /kg 


w 


pi 


im = i/|(P 2 -^)/ri 


p 



= 0.00101 m /kg 1500 -10 kPa 


lkJ 


1 kPa • m 3 


/(0.95) 


= 0.52 kJ/kg 
h 2 = \ + w plin = 191.81 + 0.52 = 192.33 kJ/kg 


= 0.5 MPa I ^3 — hj- @ q 5 MPa - 640.09 kJ/kg 
sat.liquid j t / 3 =Vf@ 05 ^ = 0.001093 m 3 /kg 


w 


p 


pILin — ^ 3(^4 

= (0.001093 m 

= 10.93 kJ/kg 
h 4 = /z 3 + w pllin = 640.09 + 10.93 = 651.02 kJ/kg 


Vl0,000-500 kPaj 

lkJ 


V 1 kPa - m 3 j 


/(0.95) 


P 5 = 10 MPa \h 5 = 3375.1 kJ/kg 
T 5 = 500°C J = 6.5995 kJ/kg • K 


P 6s = 0.5 MPa 

S 6s “ ^5 


-^6, = 


6.v 


- S 


/ 6.5995-1.8604 


= 0.9554 


fg 


4.9603 

h 6s =h f +x 6s h fg =640.09 + (0.9554X2108.0) 
= 2654.1 kJ/kg 


Ti T 


h 5 ~ K 
h 5 ~ Ks 


>h 6 =h 5 -7i T (h 5 - h 6s ) 

= 3375.1 - (0.80)(3375.1 - 2654.1) 
= 2798.3 kJ/kg 
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X ls = 


*is -Sf 6.5995-0.6492 


= 0.7934 


, s fg 7.4996 

p —If) VPn I 

7s _ [ h ls = h f +x ls h fg =191.81 + (0.7934X2392.1) 

Sls ~ S5 ' = 2089.7 kJ/kg 


1) T = 


^5 ^7 

^5 s 


+ /j 7 = /j 5 -Tj T (h 5 -h ls ) 

= 3375. 1 - (0.80X3375. 1 - 2089.7) 
= 2346.8 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Q = W = Ake = Ape = 0 , 

p _ p — AF ^0 (steady) _ Q 

— LxLj s tem — V 


in 


'out 

zL = E 


in 


out 


-> y\ + (i - y) h 2 — 1(/^3 ) 


= 'YjKK » > h 6 h 6 + ™2 h 2 = m 3 h 3 

where y is the fraction of steam extracted from the turbine ( = ra 6 / rii^). Solving for y, 
V^ = 640.09-192.33 =ai718 


h 6 -h 2 2798.3-192.33 


Then, 


q. m = h 5 - h 4 = 3375.1 - 651.02 = 2724.1 kJ/kg 
q out = (l- y \h J -h l )=(l-0.171 8)(2346.8 - 1 9 1 .8 1) = 1 784.7 kJ/kg 
w net = q m ~ q out = 2724.1 - 1784.7 = 939.4 kJ/kg 


and 


. W net 150,000 kJ/s # 

m = — — = = 159.7 kg/s 


w net 939.4 kJ/kg 
( b ) The thermal efficiency is determined from 

I- 1784 7 ^ =34.5% 


q i 


in 


2724.1 kJ/kg 


Also, 


P 6 = 0.5 MPa 
h 6 = 2798.3 kJ/kg 


s 6 = 6.9453 kJ/kg -K 


So = s 


f@ 0 


5MPa = 1.8604 kJ/kg -K 


s 2 ~ s \ ~ s f @ lOkPa — 0.6492 kJ/kg • K 

Then the irreversibility (or exergy destruction) associated with this regeneration process is 


* regen -^O^gen -^0 


Yj m e S e “X \ m i S> 


+ 






SUIT 


T 


L 


= 7 ’o[' S '3 - ^6 -( 1 “3 ; )^2. 


= (303 k|1.8604-(0.1718)(6.9453)-(1-0.1718X0.6492)] 

= 39.25 kJ/kg 
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10-95 A 150-MW steam power plant operating on an ideal regenerative Rankine cycle with an open feedwater heater is 
considered. The mass flow rate of steam through the boiler, the thermal efficiency of the cycle, and the irreversibility 
associated with the regeneration process are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis 




(i a ) From the steam tables (Tables A-4, A-5, and A-6), 

h\ - hf @ iokPa = 191.81 kJ/kg 
‘'l = t/ /'@i0kPa =0.00101 m 3 /kg 


w 


pi. 


,in “ V\ (^2 ^1 ) 


= 0.00101 m 



500-10 kPa 


lkJ 


1 kPa-m 


= 0.50 kJ/kg 


h 2 =h x +w pUn =191.81 + 0.50 = 192.30 kJ/kg 


P 3 = 0.5 MPa 1 ^3 ~hf@ o.5 MPa — 640.09 kJ/kg 
sat. liquid J c/ 3 = v f @ 05 MPa = 0.001093 m 3 /kg 


w 


pH 


,in “ U 3 (^4 ^ 3 ) 


= 0.001093 nr 



Vl0,000-500 kPaj 

1 kJ 


1 kPa • nr 

v / 


= 10.38 kJ/kg 


/z 4 = /z 3 + w pll in = 640.09 + 10.38 = 650.47 kJ/kg 

P 5 = 10 MPa 1 h 5 = 3375.1 kJ/kg 
T 5 = 500°C Js 5 = 6.5995 kJ/kg • K 

P 6 =0.5 MPa] x 6 = 


s 6 -s f 6.5995-1.8604 


= 0.9554 


s £ = s< 




'fg 


4.9603 


h 6 = h f + x 6 h fg = 640.09 + (0.9554X2 108.0) = 2654. 1 kJ/kg 


P 7 = 10 kPa ] * 7 = 


s -1 — Sc 


S 7~ S f 

S f8 


6.5995-0.6492 

7.4996 


= 0.7934 


hj = h f + x n h fg = 191.81 + (0.7934X2392.1)= 2089.7 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy equation applied to the feedwater heaters. Noting 
that Q = W = Ake = Ape = 0 , 

p -p - Ap +0 (steady) _ q + _ p 

^ out system u ^ ^in ^out 


in 


= ^jh e h e > m 6 h 6 + m 2 h 2 = m 3 h 3 > yh 6 + (l - y)h 2 = 1 (h 3 ) 


where y is the fraction of steam extracted from the turbine ( = m 6 / m 3 ). Solving for y, 
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y = 


h 3 ~ h 2 

K ~ h 2 


640.09-192.31 

2654.1-192.31 


0.1819 


Then, q m =h 5 - h 4 = 3375.1 - 650.47 = 2724.6 kJ/kg 

q out = (l-y\h J -h l )=(l-0.1S 1 9)(2089.7 - 19 1 .8 1) = 1552.7 kJ/kg 
w net = 4in “ ^out = 2724.6 - 1552.7 = 1 172.0 kJ/kg 


and 


W, 


m = 


net 


W, 


net 


150,000 kJ/s 
1171.9 kJ/kg 


= 128.0 kg/s 


(b) The thermal efficiency is determined from 


^=1—^=1 




in 


1552.7 kJ/kg 

2724.7 kJ/kg 


= 43.0% 


Also, 

s 6 = s 5 =6.5995 kJ/kg -K 

^3 = s f @ o.5 MPa = 1.8604 kJ/kg • K 

s 2 = s \ = s f @ lOkPa = 0-6492 kJ/kg • K 


Then the irreversibility (or exergy destruction) associated with this regeneration process is 


^ regen -^(Agen 


^ m e s e~^ m i s i 


+ 






SUIT 


T 


L 


= 7 o[ J 3 -3*6 


= (303 K )[l .8604 - (0. 1 8 1 9X6.5995 ) - (1 - 0. 1 8 19X0.6492)' 


= 39.0 kJ/kg 
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10-96 An ideal reheat-regenerative Rankine cycle with one open feedwater heater is considered. The fraction of steam 
extracted for regeneration and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) From the steam tables (Tables A-4, A-5, and A-6), 



h 4 = h 3 + w pU?in = 670.38+ 10.35 = 680.73 kJ/kg 


P 5 = 10 MPa ]h 5 = 3375.1 kJ/kg 
T 5 = 500°C } s 5 = 6.5995 kJ/kg • K 


P 6 =1.0 MPal 

I 

*^6 = ^5 J 


2783.8 kJ/kg 


P 1 = 1.0 MPa 1 h] = 3479.1 kJ/kg 
r 7 = 500°C J s 7 = 7.7642 kJ/kg • K 


^8 

^8 


= .V 


°' 6 MPa | \ =3310.2 kJ/kg 


Sc\ — s 


P q = 15 kPa ] x 9 = 


f 


So = S' 


'fg 


7.7642-0.7549 

7.2522 


= 0.9665 


hg = h f +x 9 h fg = 225.94+ (0.9665)(2372.3) 



2518.8 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Q = W = Ake = Ape = 0 , 


f _ f - A 77 +0 (steady) _ n _v f - f 

-^out system u ^ ^in ^out 


in 


= 'Yj^eK > m X h H + ,h 2 h 2 = »+3 > +8 + (l - }') h 2 = ) 


where y is the fraction of steam extracted from the turbine ( = rag /m 3 ). Solving for y, 


y = 


^3 ^2 


670.38-226.53 

3310.2-226.53 


0.144 


(b) The thermal efficiency is determined from 

q in =(h 5 -A 4 )+(A 7 ~h 6 )= (3375. 1 - 680.73)+ (3479. 1 - 2783.8) = 3389.7 kJ/kg 
q om = (l - y\h 9 -h t )=(\- 0. 1440X25 18.8 - 225.94) = 1962.7 kJ/kg 


and 


^th = 1 


^out 


4i 


in 


1962.7 kJ/kg __ . a/ 

— = 42 . 1 % 

3389.7 kJ/kg 
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10-97 A nonideal reheat-regenerative Rankine cycle with one open feedwater heater is considered. The fraction of steam 
extracted for regeneration and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis 




(, a ) From the steam tables (Tables A-4, A-5, and A-6), 

h\ — hf@ 15 kPa = 225.94 kJ/kg 
v \ = v f@ 15 kPa = 0.001014 m 3 /kg 

w pl,m = v l( P 2 ~ P l) 

= (o.001014 m 3 /kg)(600-15kPa 

= 0.59 kJ/kg 
h 2 = h x + w pl m = 225.94 + 0.59 = 226.54 kJ/kg 

= 0.6 MPa 1 ^3 = ^/@ 0.6 MPa = 670.38 kJ/kg 
sat. liquid J i/ 3 = ^ /@ 0 .6 MPa = 0.001101 m 3 /kg 


lkJ 


lkPam 3 


VV pII,in - ^3(^4 ^3) 

= (0.001101 nr 3 

= 10.35 kJ/kg 
h 4 = + w pUin = 670.38 + 10.35 = 680.73 kJ/kg 



Vl 0,000 -600 kPaj 

lkJ 


V 1 kPa-m 3 J 


P 5 = 10 MPa 1 h 5 = 3375.1 kJ/kg 
T 5 = 500°C } s 5 = 6.5995 kJ/kg • K 


P 6s = 1.0 MPa 

S 6s = S 5 


h 6s = 2783.8 kJ/kg 


% = 


h 5 ~ K 
h 5 ~ h 6s 


> h 6 = h 5 -r\ T (h 5 - h 6s ) 

= 3375.1 - (0.84X3375.1 - 2783.8) 
= 2878.4 kJ/kg 


P 7 =1.0 MPa 
r 7 = 500°c 

P 8? = 0.6 MPa 

s Ss = s i 


hj = 3479.1 kJ/kg 
s 7 =7.7642 kJ/kg -K 

>% =3310.2 kJ/kg 


% 


^7 ^8 

^7 “^ 8.9 


/% = - % (/*7 -/2g v ) = 3479. 1 - (0.84)(3479. 1 - 33 10.2) 

= 3337.2 kJ/kg 
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P 9s = 15 kPa ] x 9s = 


*9s -s f 7.7642-0.7549 


S 9s ~ S 1 


fg 


7.2522 


= 0.9665 


71t = 


h 9s =hf+ X 9s h fg = 225.94 + (0.9665X2372.3) = 2518.8 kJ/kg 
hl ~ hg >h 9 =h 7 - rj T (h 7 - h 9s ) = 3479.1 - (0.84)(3479. 1-25 18.8) 


h 7 h 9s 


= 2672.5 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Q = W = Ake = Ape = 0 , 

E - E ~ A E ^0 (steady) _ q 

system “ u 


'in ^out 

=E 


in 


out 


'YjnA = 'Yjn e K » th S h & + m 2 h 2 = '«3 A 3 » 3^8 + ( J - y) h 2 = ] ( h 3 ) 

where y is the fraction of steam extracted from the turbine ( = ri% /m 3 ). Solving for y, 


y = 


hj ~ h 2 
h% ~ ^2 


670.38-226.53 . . 

=0.1427 

3335.3-226.53 


(b) The thermal efficiency is determined from 
?in ={h 5 -h A )+(h 1 -h 6 ) 

= (3375.1-680.73)+ (3479. 1 - 2878.4) = 3295.1 kJ/kg 
q oM = (l - }'%> -h t ) = (\- 0.1427)(2672.5 - 225.94) = 2097.2 kJ/kg 


and 


7n -l-^g-.l- 2(W7 2tl/tg .36.4% 
q in 3295.1 kJ/kg 
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10-98 A cogeneration plant is to produce power and process heat. There are two turbines in the cycle: a high-pressure 
turbine and a low-pressure turbine. The temperature, pressure, and mass flow rate of steam at the inlet of high-pressure 
turbine are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4, A-5, and A-6), 


P 4 = 1.4 MPa ]h 4 = h g @ L4 MPa = 2788.9 kJ/kg 
sat. vapor j s 4 = s g @ L4 MPa = 6.4675 kJ/kg • K 


P 5 = 10 kPa 

S 5s = ^4 


_ s 4s -s f _ 6.4675-0.6492 

K= h f +x 5 s h fg 

= 191.81 + (0.7758X2392.1) 

= 2047.6 kJ/kg 


0.7758 


n-r = 


>h ~ h 5 
h 4 - h 5s 


> h 5 = h 4 - n T (h 4 - h 5s ) 

= 2788.9 - (0.80)(2788.9 - 2047.6) 
= 2195.8 kJ/kg 



and 


v^turbjow = K ~ h = 2788.9 - 2195.8 = 593.0 kJ/kg 


W t 


^lowturb 


turbjl 


1500 kJ/s 


Wturbjow 593.0 kJ/kg 


= 2.529 kg/s = 151.7 kg/min 


Therefore , 


^ total =1000 + 151.7 = 1152 kg/min = 1 9.20 kg/s 




w turbjiigh 


turb ,/ 


5500 kJ/s 


= 286.5 kJ/kg = h 3 - h 4 


'"high lu + 19.20 kg/s 

h 3 = Wturb+igh + h 4 = 286.5 + 2788.9 = 3075.4 kJ/kg 


t) t - — - -2 > h As - h 3 (h 3 h 4 )/ r) T 

h 3 - h 4s 


P 4 , =1.4 MPa 1 x 4s = 


= 3075.4 - (3075.4 - 2788.9)/(0.85) 
= 2738.3 kJ/kg 

K s ~hf 2738.3-829.96 


4 s 

S 4s = ^3 


> 


h 


fg 


1958.9 


= 0.9742 


s 4s = s f +X 4 s s fg = 2.2835 + (0.9742 )(4. 1840) = 6.3595 kJ/kg K 
Then from the tables or the software, the turbine inlet temperature and pressure becomes 


h 3 =3075.4 kJ/kg 
s 3 =6.3595 kJ/kg K 


P 3 = 6.40 MPa 
T 3 = 365°C 
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10-99 A cogeneration plant is to generate power and process heat. Part of the steam extracted from the turbine at a relatively 
high pressure is used for process heating. The rate of process heat, the net power produced, and the utilization factor of the 
plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 




Analysis From the steam tables (Tables A-4, A-5, and A-6), 

h\ - hf @ 20 kPa - 25 1 .42 kJ/kg 
=l/ /@20kPa =0.001017 m 3 /kg 


w 


pi, in 


= v A p 2- p iV’i 


P 


= 0.001017 m 



2000-20 kPa 


lkJ 


lkPa-m 3 


/ 0.88 


= 2.29 kJ/kg 
h 2 = h x + w pIin =251 .42 + 2.29 = 253.7 1 kJ/kg 

^3 ~ hf @ 2 MPa = 908.47 kJ/kg 
Mixing chamber: 


m 3 /z 3 + m 2 h 2 = m 4 /z 4 


(4 kg/s)(908.47 kJ/kg) + (11-4 kg/s)(253.7 1 kJ/kg)) = (11 kg/s)/z 4 >/z 4 =491.81 kJ/kg 


w 


v 4 

- v f @ h f =491.81! 

pll,in 

= v 4 {p 5 - P 4 )l >1 

/ 


= (0.001058 nr 


= 7.21 kJ/kg 

h 5 

= h \ + W pil, in = ‘ 


p 



8000-2000 kPa 


lkJ 


A 


lkPa-m 3 


/ 0.88 


P 6 = 8 MPa }h 6 = 3399.5 kJ/kg 
T 6 = 500°C | = 6.7266 kJ/kg • K 


P 7 =2 MPa 


^7 =^6 
tIt = 


K ~ h i 


^6 h ls 

P 8 = 20 kPa 
^8 = s 6 


h ls = 3000.4 kJ/kg 


-> h 7 =h 6 -rj T (h 6 - h 7s )= 3399.5 -(0.88)(3399.5- 3000.4) =3048.3 kJ/kg 


ho s = 2215.5 kJ/kg 
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t] T - /?6 ~ /?8 > h s = h 6 -nAh -/i 8s ) = 3399.5 -(0.88X3399.5 -2215.5)= 2357.6 kJ/kg 

K~K 

Then, 

Sprocess = m i ( h 7 ~ h ) = ( 4 kg/sX3048.3 - 908.47 ) kJ/kg = 8559 kW 

( b ) Cycle analysis: 

Wr.out = m 7 ( h 6 - /z 7 )+ ( h 6 - /z 8 ) 

= (4 kg/s)(3399.5-3048.3)kJ/kg + (7 kg/s)(3399.5-2357.6)kJ/kg 
= 8698 kW 

<in = w plm + m 4 vv pTLnl = (7 kg/s)(2.29 kJ/kg)+ (l 1 kg/sX7. 21 kJ/kg) = 95 kW 
Vk„e, = Wx.out -'Vp,,n = 8698 - 95 = 8603 kW 

(c) Then, 

Q m = m 5 (h 6 - h 5 ) = (1 1 kg/s)(3399.5 - 499.02) = 3 1,905 kW 
and 

= ^net + gprocess = 8603 + 8559 = Q = 53 g % 

Q m 31,905 
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10-100 A cogeneration power plant is modified with reheat and that produces 3 MW of power and supplies 7 MW of 
process heat. The rate of heat input in the boiler and the fraction of steam extracted for process heating are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( a ) From the steam tables (Tables A-4, A- 
5, and A-6), 

h\—hf@ i5kp a — 225.94 kJ/kg 
h2=h x 

It 3 — h j g) i2o°c = 503.81 kJ/kg 


P 6 = 8 MPa ]h 6 = 3399.5 kJ/kg 
T 6 = 500°C } s 6 = 6.7266 kJ/kg • K 


P 7 = 1 MPa ] 


S ' 7 — s t 


| hq = 2843.7 kJ/kg 


P 8 = 1 MPa 1 /% = 3479. 1 kJ/kg 
P 8 = 500°C J s 8 = 7.7642 kJ/kg • K 



x 9 = 


s 9 -s f _ 7.7642-0.7549 
7.2522 


= 0.9665 


P = 1 5 kPa 1 A 

Q ^ hg = h f + x 9 hr = 225.94 + (0.9665X2372.3) 

^ =2518.8 kJ/kg 


9 

^9 = ^8 


The mass flow rate through the process heater is 
^process 7,000 kJ/s 


m 3 = 


hrj -/*3 (2843.7 -503.81) kJ/kg 


= 2.992 kg/s 


Also, 



W, = m 6 (h 6 -h 7 )+m 9 (h%-h 9 )=m 6 (h 6 -h 1 )+(m 6 -2S93Xh%-h 9 ) 

3000 kJ/s = m 6 (3399.5- 2843.7) + (m 6 -2.992)(3479. 1-25 18.8) 

It yields ra 6 =3.873 kg/s 

and m 9 = m 6 - /n 3 = 3.873 - 2.992 = 0.88 1 kg/s 

Mixing chamber: 

p _p = a p 7,0 ( stead Y) _ n 
^out system u 

4i = 4ut 

> m 4^4 = '”2^2 + ™3 / l3 

0, a h . (0.881X225.94M2.992X503.8I) . ^ kJ/kg 




3.873 


Then, 


Gin = W 6 0*6 “ h - h l ) 

= (3.873 kg/s)(3399.5 - 440.60 kJ/kg) + (0.881 kg/s)(3479. 1 - 2843.7 kJ/kg) 

= 12,020 kW 

( b ) The fraction of steam extracted for process heating is 

y = -^_= 2-992 kg/s =77 _ 3% 
w total 3.873 kg/s 
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10-101E A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for 
the bottoming cycle. The thermal efficiency of the cycle is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable for Brayton cycle. 3 
Kinetic and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm- R and k = 1.4 (Table A-2Ea). 

Analysis Working around the topping cycle gives the following results: 



T 9 = r sat @ 800psia + 50 = 978.3 R + 50 = 1028 R 

Fixing the states around the bottom steam cycle yields (Tables A-4E, A-5E, A-6E): 
h\ = hf@ 5 ps ia = 130.18 Btu/lbm 
v i =l/ /@5psia = 0.01641 fi 3 /lbm 


w 


p,in 


= ^(P 2 -P0 

— (0.01641 ft 3 /lbm)(800 - 5)psia 
= 2.41 Btu/lbm 


1 Btu 


\ 


^ 5.404 psia • t 3 J 


h 2 =h l +w p ± n = 130.18 + 2.41 = 132.59 Btu/lbm 


P 3 = 800 psia 
T 3 = 600°F 

' 

P 4 =5 psia 

> 


h 3 =1270.9 Btu/lbm 
^3 = 1.4866 Btu/lbm- R 

h 4s = 908.6 Btu/lbm 


Vt = 


hi 

h 3 


-h 4 

~Ks 


>h 4 = h 3 ~rj T (h 3 -h 4s ) 

= 1270.9 - (0.95)(1270.9 - 908.6) 
= 926.7 Btu/lbm 


The net work outputs from each cycle are 

^ net, gas cycle — ^T,out — ^C,in 

= Cp (T 7 -T s )-c p (T 6 -T 5 ) 

= (0.240 Btu/lbm- R)(2560 - 1449 - 1099 + 540)R 
= 132.5 Btu/lbm 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



10-111 


^net, steam cycle ^T,out ^P,in 

= (*3 -* 4 )- w P,in 

= (1270.9-926.7) - 2.41 
= 341.8 Btu/lbm 


An energy balance on the heat exchanger gives 


™a C p( T *- T 9 )=™w ( h 3 ~ h 2 ) 



C P<T% ^ 9 ) . 

171 a 

h 3 -h 2 


(0.240)(1449-1028) 

1270.9-132.59 


0.08876 rh a 


That is, 1 lbm of exhaust gases can heat only 0.08876 lbm of water. Then the heat input, the heat output and the thermal 
efficiency are 

vn 

q m = — — c p (T n - T 6 ) = (0.240 Btu/lbm- R)(2560-1099)R = 350.6 Btu/lbm 

m a 

^out = — c p (T 9 -T 5 ) + -^ (h.-h,) 
m a rn a 

= 1 x (0.240 Btu/lbm- R)(l 028 - 540)R + 0.08876 x (926.7 -130.1 8) Btu/lbm 
= 187.8 Btu/lbm 

r, th = 1-^1 = i- X HA = 0.4643 
q m 350.6 
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10-102E A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for 
the bottoming cycle. The thermal efficiency of the cycle is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable fo Brayton cycle. 3 Kinetic 
and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are 
c p = 0.240 Btu/lbm- R and k = 1.4 (Table A-2Ea). 

Analysis Working around the topping cycle gives the 
following results: 




r p \( k -V /k 
Jr , c 


\ P 5 J 


= (540 R)(10)°' 4/1 ' 4 = 1043 R 


h 6s ~h 5 _ c p (T 6s -T 5 ) 
h 6 -h 5 c p ( T 6 -T 5 ) 


*T 6 =T s + 


t 6s -t 5 

He 


540 + 1043-540 
0.90 


= 1099 R 


Tss =Ti 


r p \( k -Wk 

1 c 


K P 7 J 


= (2560 R) 


f ^ ^ 0 . 4 / 1 .4 

V l0y 


= 1326 R 



Vt = 


h"i 

^7 ~ h Ss 


c p (T 7 -t s ) 

C p( P l ~ T S .y) 


>7^ - T 1 rj T (T 1 T 8s ) 

= 2560 -(0.90)(2560 -1326) 
= 1449 R 


p 9 = ^sat @ soopsia + 50 = 978.3 R + 50 = 1028 R 
Fixing the states around the bottom steam cycle yields (Tables A-4E, A-5E, A-6E): 
h \ =/ */@io P sia =161.25 Btu/lbm 
v i = Vf@ lOpsia = 0.01659 ft 3 /lbm 


w 


p,in 


h 2 


=<'\(p 2 - p \) 

= f 0.01659 ft 3 /lbm)(800-10)psia 


= 2.43 Btu/lbm 


^5.404 psia 


= h x +w p4n =161.25 + 2.43 = 163.7 Btu/lbm 


A 


ft 


3 J 


P 3 = 800 psia 
T 3 = 600°F 

P A = 10 psia 

> 

S 4 = ^3 


h 3 =1270.9 Btu/lbm 
s 3 = 1.4866 Btu/lbm- R 

h 4s = 946.6 Btu/lbm 


tjt = 


hi 

h 


-h 4 

~Ks 


>/r 4 =h 3 -rj T (h 3 -h 4s ) 

= 1270.9 - (0.95)(1270.9 - 946.6) 
= 962.8 Btu/lbm 


The net work outputs from each cycle are 
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^ net, gas cycle ^T,out ^C,in 

= C P (T 1 -T s )-c p (T 6 -T 5 ) 

= (0.240 Btu/lbm- R)(2560 - 1449 - 1099 + 540)R 
= 132.5 Btu/lbm 


^net, steam cycle ^T,out ^P,in 

= (*3 ~ h 4)~ w P,in 

= (1270.9-962.8) - 2.43 
= 305.7 Btu/lbm 


An energy balance on the heat exchanger gives 


m a c p (T & —T 9 ) = m w (h 3 -h 2 ) >m w 


c p (T 8 -T 9 ) _ _ (0.240X1449-1028) 
h 3 -h 2 m °~ 1270.9-163.7 


0.091 26m „ 


That is, 1 lbm of exhaust gases can heat only 0.09126 lbm of water. Then the heat input, the heat output and the thermal 
efficiency are 


m 

q m = — —c (Tj - T 6 ) = (0.240 Btu/lbm- R)(2560-1099)R = 350.6 Btu/lbm 
m a 

m n m u , 

^out = —c (T 9 -T 5 ) + -^ (h 4 - h x ) 
m a m a 

= 1 x (0.240 B tu/lbm- R)(l 028 - 540)R + 0.09 1 26 x (962.8 - 1 6 1 .25) B tu/lbm 


= 190.3 Btu/lbm 


77 =i_ioui = i_1903 

q m 350.6 


0.4573 


When the condenser pressure is increased from 5 psia to 10 psia, the thermal efficiency is decreased from 0.4643 to 0.4573. 
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10-103E A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for 
the bottoming cycle. The cycle supplies a specified rate of heat to the buildings during winter. The mass flow rate of air and 
the net power output from the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air- 
standard assumptions are applicable to Brayton cycle. 3 Kinetic 
and potential energy changes are negligible. 4 Air is an ideal gas 
with constant specific heats. 

Properties The properties of air at room temperature are 
c p = 0.240 B tu/lbm -R and k = 1.4 (Table A-2Ea). 

Analysis The mass flow rate of water is 


2bu 


m w = 


ildings 


2x10° Btu/h 


h 4 - h x 


(962 . 8 - 1 6 1 . 25 ) B tu/lbm 
The mass flow rate of air is then 


= 2495 lbm/h 


m 


a 


0.09126 


2495 

0.09126 


27,340lbm/h 


The power outputs from each cycle are 

^net, gas cycle — ^ a (^T,out ^C,in ) 

= m a c p (T 7 - T%)-m a c p (T 6 -T 5 ) 



= (27,340 lbm/h)(0.240 B tu/lbm- R)(2560 - 1449 - 1099 + 540)R 


lkW 


3412.14Btu/h 


\ 

/ 


= 1062 kW 


^net, steam cycle m a (\V T,out ^P,in ) 

= m a (h 3 -h 4 -w P - m ) 


= (2495 lbm/h)(l 270.9 - 962.8 - 2.43) 
= 224 kW 


lkW 


3412.14Btu/h 


The net electricity production by this cycle is then 
VT net = 1062 + 224 = 1 286kW 
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10-104 A combined gas-steam power plant is considered. The topping cycle is an ideal gas-turbine cycle and the bottoming 
cycle is an ideal reheat Rankine cycle. The mass flow rate of air in the gas-turbine cycle, the rate of total heat input, and the 
thermal efficiency of the combined cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 



h 2 =h x + w pIin =191.81 + 1 2.62 = 204.42 kJ/kg 

P 3 = 12.5 MPa )h 3 = 3343.6 kJ/kg 
T 3 = 500°C \s 3 = 6.465 1 kJ/kg • K 


P 4 = 2.5 MPa 

^4 = ^3 


| h 4 = 2909.6 kJ/kg 


P 5 = 2.5 MPal h 5 = 3574.4 kJ/kg 
T 5 = 550°C ]s 5 = 7.4653 kJ/kg • K 


P 6 =10 kPa 


s f. = s. 


X, = 


s 6~ s f 7.4653-0.6492 


fs 


7.4996 


= 0.9089 


h 6 =h f +x 6 h fg = 191.81 + (0.9089)(2392.l) = 2365.8 kJ/kg 
Noting that Q = W = Ake = Ape = Ofor the heat exchanger, the steady-flow energy balance equation yields 


E in = £ out 


-> X ,k ‘ h i = X > m ' “ k 2 ) = 6l0 ~ h ll) 


m. 


air 


h - h 2 
~ h ] | 



3343.6-204.42 

768.38-523.63 


(12 kg/s) = 153.9 kg/s 


(b) The rate of total heat input is 

Gin = Gair + G re heat = «a,r 69 ~ h s)+ "'Vheat ( h 5 ~ h 4 ) 

= (153.9 kg/s)(l515.42 - 630.18) kJ/kg + (12 kg/s)(3574.4 - 2909.6)kJ/kg 

= 144,200 kW 

= 1.44 x10 s kW 


(c) The rate of heat rejection and the thermal efficiency are then 
Gout — Gout^ir Gout^team — ^air (^1 1 — ^7 ) “*~ (A 6 — A ) 

= (153.9 kg/sX523.63 - 310.24) kJ/kg + (l2 kg/s)(2365.8 - 191.81) kJ/kg 
= 58,930 kW 


1th =1 - 


G 


out 


Gin 


58,930 kW 
144,200 kW 


= 0.5913 = 59.1% 
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10-105 A combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the bottoming cycle 
is a nonideal reheat Rankine cycle. The mass flow rate of air in the gas-turbine cycle, the rate of total heat input, and the 
thermal efficiency of the combined cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 


Analysis {a) The analysis of gas cycle yields (Table A- 17) 


T n = 290 K 


-> h 7 = 290.16 kJ/kg 
P, =1.2311 


P, = 


P 


8.? 


Pn 


P ri =(8)(l .2311) = 9.849 > h Ss =526.12 kJ/kg 


Pc = 


/r 8 - h 7 


*hz=h 7 +(h Ss -h 7 )/?j c 

= 290.16 + (526. 12 - 290.16)/(0.85) 
= 567.76 kJ/kg 


T 9 =1400K > /z 9 =1515.42 kJ/kg 

P, =450.5 


P, = 


P\ 


1 0.9 


1 O.v 


Pa 


P = 


T 

v8y 


(450.5) = 56.3 > h l0s =860.35 kJ/kg 


Pt = 


> h io = h 9 -pA h 9~ h u)s) 

^ n 10? = 15 15.42 - (0.90Xl5 15.42 - 860.35) 

= 925.86 kJ/kg 



T x x =520 K > h x j = 523.63 kJ/kg 


From the steam tables (Tables A-4, A-5, and A-6), 
K — hf @ i o kPa ~ 1 .8 1 kJ/kg 

@iOkPa = 0 - 00101 m 3/k g 


w 


pi. 


,in “ u \ (^2 ^1 ) 


= 0.00101 m' 



Yl 5 , 000 — 10 kPaj 

1 kJ 

0 


v 1 kPa • m 3 j 


= 15. 14 kJ/kg 
h 2 =h x +w pUn =191.81 + 15.14 = 206.95 kJ/kg 


P 3 =15 MPa 

1*3 

T 3 = 450°C 


P 4 = 3 MPa } 

*4. s 

S 4s = S 3 J 

h As 


s 4s ~ s f 6.1434-2.6454 


fg 


3.5402 


= 0.9880 


7 


l fg 


Pt = 


h 3 - h 4 

h 3 ~ K 


->h A =h 3 -p T {h 3 -h 4s ) 

= 3157.9 - (0.90X3 157.9 - 2781.7) 
= 2819.4 kJ/kg 
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P 5 = 3 MPa! h 5 = 3457.2 kJ/kg 
T 5 = 500°C J s 5 = 7.2359 kJ/kg • K 


P 6 =10 kPa 

^6, = ^5 


s 6s s 


f 


x 6s = 

S f8 

Ks = h f + x 6s h 


= 7.2359- 0.6492 =Q8783 
7.4996 

fg = 191.81 + (0.8782 )(2392.l) = 2292.7 kJ/kg 


Hr = 


K ~ K 

K - K s 


> K = K ~> 1 t(K - Ks ) 

= 3457.2 - (0.90)(3457.2 - 2292.7) 

= 2409.1 kJ/kg 


Noting that Q = W = Ake = Ape = Ofor the heat exchanger, the steady-flow energy balance equation yields 


f. _ 77 -A F <^0 (steady) 

-°in ^out system w 


-^in “ ^out 


= ^ th e h e > m s (/z 3 -/Z 2 )= Wa.r^K) -^| |) 

m.,, = /?3 ~ /i2 m . = 3157 ' 9 ~ 206,95 (30 kg/s) = 220. 1 kg/s 


an- , , 

"10 "11 


925.86-523.63 


(b) Qin = 2air + Greheat = ™air ( h 9 ~ h S ) + "Wat (^5 “ ^4 ) 

= (220. 1 kg/sXl5 15.42 - 567.76) kJ/kg + (30 kg/sX3457.2 - 2819.4) kJ/kg 

= 227,700 kW 


(C) 2 OUt = Qout^ir + 2out,steam = ™air ( h \ 1 " h l ) + ™s (^6 “ \ ) 

= (220. 1 kg/s)(523.63 - 290.16) kJ/kg + (30 kg/s)(2409.1 - 191. 8l) kJ/kg 
= 117,900 kW 


7th 


= 1 


6 out _ 1 1 17,900 kW 
Q m 227,700 kW 


= 0.482 = 48.2% 
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10-106 A Rankine steam cycle modified with two closed feedwater heaters and one open feed water heater is considered. 
The T-s diagram for the ideal cycle is to be sketched. The fraction of mass extracted for the open feedwater heater y and the 
cooling water flow temperature rise are to be determined. Also, the rate of heat rejected in the condenser and the thermal 
efficiency of the plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis ( b ) Using the data from the problem statement, 
the enthalpies at various states are 

h\ =hf @ 20 kPa - 25 1 kJ/kg 
^15 = ^3 = ^14 = hf @ i40kPa = 458 kJ/kg 
h\ - hf @620 kPa - 676 kJ/kg 
^6 = ^1 2 = hf @ 1 9 1 OkPa = ^98 kJ/kg 

An energy balance on the open feedwater heater gives 
yh 9 + (1 - y)h 3 = 1 h 4 

where z is the fraction of steam extracted from the low-pressure 
turbine. Solving for z. 


y = 


h 4 -h 3 676-458 


h 9 - h 3 


3154-458 


= 0.08086 


(c) An energy balance on the condenser gives 

m 7 [(1 -w-y- z)h { ! + (w + z)h l5 - (1 - y)h x ] = m w (h w2 



-h w2 ) = m w c pw AT w 


Solving for the temperature rise of cooling water, and substituting with correct units, 
m 1 \(\-w-y-z)h n +(w+z)/i 15 -(1 - y)h x ] 


AT,., = 


w 


m w C pw 


_ (10Q)[(1 - 0.0830 - 0.08086 - 0.0655)(2478) + (0.0830 + 0.0655)(458) - (1 - Q.Q8Q86)(25 1)^ 

(4200)(4.18) 

= 9.95°C 

(d) The rate of heat rejected in the condenser is 

Sou, = m w c pw AT w = (4200 kg/s)(4. 18 kJ/kg • °C)(9.95°C) = 1 74,700kW 


The rate of heat input in the boiler is 

Q m = m(hq - h 6 ) = (100 kg/s)(3900 - 898) kJ/kg = 300,200 kW 
The thermal efficiency is then 


* 7 th 


= 1 


Q oal x 174,700 kW 
Q m 300,200 kW 


= 0.418 = 41.8% 
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10-107 A steam power plant operates on an ideal reheat-regenerative Rankine cycle with one reheater and two feedwater 
heaters, one open and one closed. The fraction of steam extracted from the turbine for the open feedwater heater, the 
thermal efficiency of the cycle, and the net power output are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis 

High-P 


7 

(a) From the steam tables (Tables A-4, A-5, and A-6), 
h\ — hf @ 5 kPa — 137.75 kJ/kg 
v \ = Vf @ 5 kPa = 0.001005 m 3 /kg 

WpLin = v l( P 2~ P l) 

= (0.001005 m 3 /kg)(200-5kPa 
= 0.20 kJ/kg 

h 2 =h l + w pLin =137.75 + 0.20 = 137.95 kJ/kg 

P 3 = 0.2 MPa 1 ^3 = hf @ 0.2 MPa = 504.71 kJ/kg 
sat.liquid J i/ 3 = i/y @ 02 M p a = 0.001061 m 3 /kg 

w pII,in ~ ^3 (A “ ^3) 

= (0.001061 m 3 /kg)(l5,000- 200 kPa 

= 15.70 kJ/kg 
h 4 = h 3 + w p]lin = 504.71 + 15.70 = 520.41 kJ/kg 

P 6 = 0.6 MPa 1 ^6 = ^7 = hf @ 0.6 MPa ~ 670.38 kJ/kg 
sat.liquid J v 6 = i > f @ 0 . 6 MPa = 0001 101 m 3 /kg 

P 6 = P 5 * ^5 = ^6 + v 6 ( P 5 ~ P (>) 

= 670.38 + (o.OOl 101 m 3 /kg)(l5,000 - 600 kPa 
= 686.23 kJ/kg 

P & = 15 MPa \ h % = 3583.1 kJ/kg 
r 8 = 600°C J = 6.6796 kJ/kg • K 

P g =1.0 MPa 

^9 = ^8 

Pj 0 —1.0 MPa ]h l0 = 3479. 1 kJ/kg 
r 10 = 500°C }s l0 = 7.7642 kJ/kg • K 


j h g =2820.8 kJ/kg 


lkJ 

1 kPa • m 3 y 


lkJ 

1 kPa • m 3 y 
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P x j = 0.6 MPa 
^11 = ■ho 


h n = 3310.2 kJ/kg 


P 12 = 0.2 MPa 
^12 = ^10 


h l2 = 3000.9 kJ/kg 


10-120 


*13 = 


S 13 s f 

S f8 


7.7642-0.4762 

7.9176 


Pj 3 = 5 kPa 

*^13 = ^10 



= 0.9205 

= h f+ x n h fg 

= 137.75 + (0.9205 )(2423.0) 


= 2368.1 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Q = W = Ake = Ape = 0 , 


F - F = A F 

^in -^out ^^system 

K = E oat 


<P0 (steady) _ 


= 0 


X m i h > = X A > m i i (*i i - *6 ) = ”' ? s 65 - /j 4 ) » i-h 6 )=(h 5 - h 4 ) 

where y is the fraction of steam extracted from the turbine ( = m ll / m 5 ). Solving for y. 


y = 


h 5 - h 4 
hi 1 - K 


686.23-520.41 

3310.2-670.38 


0.06287 


For the open FWH, 


^in ^out ^^^system 


<pQ (steady) _ 


= 0 


£ in = E oal 

Yj' h ' h i 


m-jhj + m 2 h 2 + >^ 12^12 —^ 3^3 
yh 7 +(!->’- z)h 2 + zh n = (])h 3 


where z is the fraction of steam extracted from the turbine ( = m 12 / m 5 ) at the second stage. Solving for z, 

, _ i h 3 - h 2 )-y{h 1 -h 2 ) __ 504.71 - 137.95 - (0.06287)(670.38 - 137.95) 

Z_ h n -h 2 “ 3000.0-137.95 ~ 

(b) q m ={h-h 5 )+(h w -h 9 ) 

= (3583.1 - 686.23) + (3479. 1 - 2820.8) = 3555.3 kJ/kg 

<7out = (! - ? “ zih 3 - h x ) : = (l - 0.06287 - 0. 1 1 65 )(2368.0 - 1 37.75) = 1 830.4 kJ/kg 
Wnet = q m ~ Qout - 3555.3 - 1830.4 = 1724.9 kJ/kg 

and 

183ft 4kJ/ kg ,48.5% 
q in 3555.3 kJ/kg 

(c) Wne,. = mw net = (42 kg/sXl 724.9 kJ/kg) = 72,447 kW 
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10-108 



The effect of the boiler pressure on the performance a simple ideal Rankine cycle is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


function x4$(x4) "this function returns a string to indicate the state of steam at point 4" 
x4$=" 

if (x4>1) then x4$- (superheated)' 
if (x4<0) then x4$- (compressed)' 
end 

{P[3] = 20000 [kPa]} 

T[3] = 500 [C] 

P[4] = 10 [kPa] 

Eta_t = 1.0 "Turbine isentropic efficiency" 

Eta_p = 1.0 "Pump isentropic efficiency" 

"Pump analysis" 

Fluid$='Steam_IAPWS' 

P[1] = P[4] 

P[2]=P[3] 

x[1]=0 "Sat'd liquid" 
h[1]=enthalpy(Fluid$,P=P[1],x=x[1]) 
v[1]=volume(Fluid$,P=P[1],x=x[1]) 
s[1]=entropy(Fluid$,P=P[1],x=x[1]) 

T[1]=temperature(Fluid$,P=P[1],x=x[1]) 

W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
W_p=W_p_s/Eta_p 

h[2]=h[1]+W p "SSSF First Law for the pump" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Turbine analysis" 
h[3]=enthalpy(Fluid$,T=T[3],P=P[3]) 
s[3]=entropy(Fluid$,T=T[3],P=P[3]) 
s_s[4]=s[3] 

hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 

Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 

Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

s[4]=entropy(Fluid$,h=h[4],P=P[4]) 

x[4]=quality(Fluid$,h=h[4],P=P[4]) 

h[3] =W_t+h[4] "SSSF First Law for the turbine" 

x4s$=x4$(x[4]) 

"Boiler analysis" 

QJn + h[2]=h[3] "SSSF First Law for the Boiler" 

"Condenser analysis" 

h[4]=Q_out+h[1] "SSSF First Law for the Condenser" 

"Cycle Statistics" 

W_net=W_t-W_p 

Eta_th=W_net/Q_in 
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nth 

w net 

[kJ/kfll 

x 4 

P 3 

[kPa] 

Qin 

[kJ/kg] 

Qout 

[kJ/kg] 

w p 

[kJ/kg] 

W t 

[kJ/kg] 

0.2792 

919.1 

0.9921 

500 

3292 

2373 

0.495 

919.6 

0.3512 

1147 

0.886 

2667 

3266 

2119 

2.684 

1150 

0.3752 

1216 

0.8462 

4833 

3240 

2024 

4.873 

1221 

0.3893 

1251 

0.8201 

7000 

3213 

1962 

7.062 

1258 

0.399 

1270 

0.8001 

9167 

3184 

1914 

9.251 

1280 

0.406 

1281 

0.7835 

11333 

3155 

1874 

11.44 

1292 

0.4114 

1286 

0.769 

13500 

3125 

1840 

13.63 

1299 

0.4156 

1286 

0.756 

15667 

3094 

1808 

15.82 

1302 

0.4188 

1283 

0.744 

17833 

3062 

1780 

18.01 

1301 

0.4214 

1276 

0.7328 

20000 

3029 

1753 

20.2 

1297 


Steam 




P[3] [kPa] 
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P[3] [kPa] 



P[3] [kPa] 
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10-109 



The effect of the condenser pressure on the performance a simple ideal Rankine cycle is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


function x4$(x4) "this function returns a string to indicate the state of steam at point 4" 
x4$=" 

if (x4>1) then x4$- (superheated)' 
if (x4<0) then x4$- (compressed)' 
end 

P[3] = 10000 [kPa] 

T[3] = 550 [C] 

"P[4] = 5 [kPa]" 

Eta_t = 1.0 "Turbine isentropic efficiency" 

Eta_p = 1.0 "Pump isentropic efficiency" 

"Pump analysis" 

Fluid$- Steam JAPWS' 

P[1] = P[4] 

P[2]=P[3] 

x[1]=0 "Sat'd liquid" 
h[1]=enthalpy(Fluid$,P=P[1],x=x[1]) 
v[1]=volume(Fluid$,P=P[1],x=x[1]) 
s[1]=entropy(Fluid$,P=P[1],x=x[1]) 

T[1]=temperature(Fluid$,P=P[1],x=x[1]) 

W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
W_p=W_p_s/Eta_p 

h[2]=h[1]+W p "SSSF First Law for the pump" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Turbine analysis" 
h[3]=enthalpy(Fluid$,T=T[3],P=P[3]) 
s[3]=entropy(Fluid$,T=T[3],P=P[3]) 
s_s[4]=s[3] 

hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 

Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 

Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

s[4]=entropy(Fluid$,h=h[4],P=P[4]) 

x[4]=quality(Fluid$,h=h[4],P=P[4]) 

h[3] =W_t+h[4]"SSSF First Law for the turbine" 

x4s$=x4$(x[4]) 

"Boiler analysis" 

QJn + h[2]=h[3]"SSSF First Law for the Boiler" 

"Condenser analysis" 

h[4]=Q_out+h[1]"SSSF First Law for the Condenser" 

"Cycle Statistics" 

V\Lnet=W_t-W_p 
Eta th=W net/Q in 
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p 4 

[kPal 

r lth 

w net 

[kJ/kfll 

5 

0.4268 

1432 

15 

0.3987 

1302 

25 

0.3841 

1237 

35 

0.3739 

1192 

45 

0.3659 

1157 

55 

0.3594 

1129 

65 

0.3537 

1105 

75 

0.3488 

1084 

85 

0.3443 

1065 

100 

0.3385 

1040 
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10-110 



The effect of reheat pressure on the performance an ideal Rankine cycle is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


function x6$(x6) "this function returns a string to indicate the state of steam at point 6" 
x6$=" 

if (x6>1) then x6$- (superheated)' 
if (x6<0) then x6$- (subcooled)' 
end 

P[6] = 10 [kRa] 

P[3] = 15000 [kPa] 

T[3] = 500 [C] 

"P[4] = 3000 [kPa]" 

T[5] = 500 [C] 

Eta_t = 100/100 "Turbine isentropic efficiency" 

Eta_p = 100/100 "Pump isentropic efficiency" 

"Pump analysis" 

Fluid$- Steam JAPWS' 

P[1] = P[6] 

P[2]=P[3] 

x[1]=0 "Sat'd liquid" 
h[1]=enthalpy(Fluid$,P=P[1],x=x[1]) 
v[1]=volume(Fluid$,P=P[1],x=x[1]) 
s[1]=entropy(Fluid$,P=P[1],x=x[1]) 

T[1]=temperature(Fluid$,P=P[1],x=x[1]) 

W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
W_p=W_p_s/Eta_p 

h[2]=h[1]+W p "SSSF First Law for the pump" 

v[2]=volume(Fluid$,P=P[2],h=h[2]) 

s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"High Pressure Turbine analysis" 

h[3]=enthalpy(Fluid$,T=T[3],P=P[3]) 

s[3]=entropy(Fluid$,T=T[3],P=P[3]) 

v[3]=volume(Fluid$,T=T[3],P=P[3]) 

s _s[4]=s[3] 

hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 

Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 

Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 
T[4]=temperature(Fluid$,P=P[4],h=h[4]) 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) 
v[4]=volume(Fluid$,s=s[4],P=P[4]) 

h[3] =W_t_hp+h[4]"SSSF First Law for the high pressure turbine" 

"Low Pressure Turbine analysis" 

P[5]=P[4] 

s[5]=entropy(Fluid$,T=T[5],P=P[5]) 

h[5]=enthalpy(Fluid$,T=T[5],P=P[5]) 

s_s[6]=s[5] 

hs[6]=enthalpy(Fluid$,s=s_s[6],P=P[6]) 

Ts[6]=temperature(Fluid$,s=s_s[6],P=P[6]) 

vs[6]=volume(Fluid$,s=s_s[6],P=P[6]) 

Eta_t=(h[5]-h[6])/(h[5]-hs[6])"Definition of turbine efficiency" 
h[5]=W_t_lp+h[6]"SSSF First Law for the low pressure turbine" 
x[6]=quality(Fluid$,h=h[6],P=P[6]) 

"Boiler analysis" 
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Q_in + h[2]+h[4]=h[3]+h[5]"SSSF First Law for the Boiler" 
"Condenser analysis" 

h[6]=Q_out+h[1]"SSSF First Law for the Condenser" 
T[6]=temperature(Fluid$,h=h[6],P=P[6]) 
s[6]=entropy(Fluid$,h=h[6],P=P[6]) 
x6s$=x6$(x[6]) 

"Cycle Statistics" 

W_net=W_t_hp+W_t_lp-W_p 
Eta_th = W_n et/QJ n 


p 4 

[kPal 

Tlth 

W net 

fkJ/kql 

x 6 

500 

0.4128 

1668 

0.9921 

1833 

0.4253 

1611 

0.9102 

3167 

0.4283 

1567 

0.8747 

4500 

0.4287 

1528 

0.8511 

5833 

0.428 

1492 

0.8332 

7167 

0.4268 

1458 

0.8184 

8500 

0.4252 

1426 

0.8058 

9833 

0.4233 

1395 

0.7947 

11167 

0.4212 

1366 

0.7847 

12500 

0.4189 

1337 

0.7755 


700i — i 1 — i 1 — i 1 — i — i — i — i 1 — i 1 — i 1 — i — i r 



0.0 1.1 2.2 3.3 4.4 5.5 6.6 7.7 8.8 9.9 11.0 

s [kJ/kg-K] 
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10-111 — “ The effect of extraction pressure on the performance an ideal regenerative Rankine cycle with one open 
feedwater heater is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

P[5] = 15000 [kPa] 

T[5] = 600 [C] 

P_extract=1400 [kPa] 

P[6] = P_extract 
P_cond=10 [kPa] 

P[7] = P_cond 

Eta_turb= 1.0 "Turbine isentropic efficiency" 

Eta_pump = 1.0 "Pump isentropic efficiency" 

P[1] = P[7] 

P[2]=P[6] 

P[3]=P[6] 

P[4] = P[5] 

"Condenser exit pump or Pump 1 analysis" 

Fluid$='Steam_IAPWS' 

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Sat'd liquid} 

v1=volume(Fluid$,P=P[1],x=0) 

s[1]=entropy(Fluid$,P=P[1],x=0) 

T[1]=temperature(Fluid$,P=P[1],x=0) 

w_pump1_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 
h[1]+w_pump1= h[2] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Open Feedwater Heater analysis:" 

y*h[6] + (1- y)*h[2] = 1*h[3] "Steady-flow conservation of energy" 
h[3]=enthalpy(Fluid$,P=P[3],x=0) 

T[3]=temperature(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]" 
s[3]=entropy(Fluid$,P=P[3],x=0) 

"Boiler condensate pump or Pump 2 analysis" 
v3=volume(Fluid$,P=P[3],x=0) 

w_pump2_s=v3*(P[4]-P[3])"SSSF isentropic pump work assuming constant specific volume" 
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency" 
h[3]+w_pump2= h[4] "Steady-flow conservation of energy" 
s[4]=entropy(Fluid$,P=P[4],h=h[4]) 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

"Boiler analysis" 

qjn + h[4]=h[5]"SSSF conservation of energy for the Boiler" 
h[5]=enthalpy(Fluid$, T=T[5], P=P[5]) 
s[5]=entropy(Fluid$, T=T[5], P=P[5]) 

"Turbine analysis" 
ss[6]=s[5] 

hs[6]=enthalpy(Fluid$,s=ss[6],P=P[6]) 

Ts[6]=temperature(Fluid$,s=ss[6],P=P[6]) 

h[6]=h[5]-Eta_turb*(h[5]-hs[6])"Definition of turbine efficiency for high pressure stages" 

T[6]=temperature(Fluid$,P=P[6],h=h[6]) 

s[6]=entropy(Fluid$,P=P[6],h=h[6]) 

ss[7]=s[6] 

hs[7]=enthalpy(Fluid$,s=ss[7],P=P[7]) 

Ts[7]=temperature(Fluid$,s=ss[7],P=P[7]) 
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h[7]=h[6]-Eta_turb*(h[6]-hs[7])"Definition of turbine efficiency for low pressure stages" 

T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 

h[5] =y*h[6] + (1 - y)*h[7] + w_turb "SSSF conservation of energy for turbine" 
"Condenser analysis" 

(1- y)*h[7]=q_out+(1- y)*h[1]"SSSF First Law for the Condenser" 

"Cycle Statistics" 

w_net=w_turb - ((1- y)*w pump1+ w_pump2) 

Eta_th=w_net/q_in 


Tlth 

P extract 

[kPa] 

W ne t 

[kJ/kg] 

q in [kJ/kg] 

0.4456 

50 

1438 

3227 

0.4512 

100 

1421 

3150 

0.4608 

500 

1349 

2927 

0.4629 

1000 

1298 

2805 

0.4626 

2000 

1230 

2659 

0.4562 

5000 

1102 

2416 

0.4511 

7000 

1040 

2305 

0.4434 

10000 

961.4 

2168 

0.4369 

12500 

903.5 

2068 


Steam 
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10-112 It is to be demonstrated that the thermal efficiency of a combined gas -steam power plant r| cc can be expressed as 
rj cc = rj g + 7/ s - 77„ / 7 S where rj g =W g / Q [n and r/ s = W./ Qa OU{ are the thermal efficiencies of the gas and steam cycles, 

respectively, and the efficiency of a combined cycle is to be obtained. 

Analysis The thermal efficiencies of gas, steam, and combined cycles can be expressed as 


V cc 
^g 


>7s 


lUlcll 

| ^UUl 

' Qm 

Qm 

_ 

J Gg,OUt 

Sin 

Qm 


_ 1 Gout 


Q 


g,out 


Q 


g,out 


where Q m is the heat supplied to the gas cycle, where <2 out is the heat rejected by the steam cycle, and where <2 gout is the heat 
rejected from the gas cycle and supplied to the steam cycle. 

Using the relations above, the expression 17 +7!^- rj 77 s can be expressed as 


?7 S +7 S = 


Q 


g,out 


G 


+ 


in J 


Q 


g 

n r 


out 


= 1 _cW + i 


1 - 

V 2g,out J 

Gout 


Q 


r g IS 

v 


g,out 


V 


Gin 


Q 


out 


g s 


= 1 


Qin 

Gout 

Gin 


Q 


Y | -g,out | Gout 


Gg,OUt J 

Gout 


g,out 


Gin G 


g,out 


Gin 


= ?l 


cc 


Therefore, the proof is complete. Using the relation above, the thermal efficiency of the given combined cycle is determined 
to be 

/7cc - 7 g + 7 S ~~ 7 lg ? 7s - 0-4 + 0-30 - 0.40 x 0.30 = 0.58 


10-113 The thermal efficiency of a combined gas-steam power plant rj cc can be expressed in terms of the thermal 
efficiencies of the gas and the steam turbine cycles as rj cc = r/„ + % - r/ g r/^ . It is to be shown that the value of rj cc is greater 

than either of rj g or r/ s . 

Analysis By factoring out terms, the relation rj cc = rj g + ?j s — r/ g r/ s can be expressed as 

ice = n g + n s - n g n, = n g + n,0 - n g ) > n g 

v, J 

V 

Positive since 

or ? 7cc = ? 7g + 7s- ? 7g7s = 7 7s + ? 7g(l-7s)> ? 7s 

V J 

V 

Positive since 
*7s <J 

Thus we conclude that the combined cycle is more efficient than either of the gas turbine or steam turbine cycles alone. 
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10-114 It is to be shown that the exergy destruction associated with a simple ideal Rankine cycle can be expressed as 
■^destroyed = c lin ( 7 7th, Camot “ 'hi, )- where >1th is efficiency of the Rankine cycle and //„ L Ca mot is the efficiency of the Carnot 
cycle operating between the same temperature limits. 

Analysis The exergy destruction associated with a cycle is given on a unit mass basis as 




destroyed 



C l R 

t r 


where the direction of q m is determined with respect to the reservoir (positive if to the reservoir and negative if from the 
reservoir). For a cycle that involves heat transfer only with a source at ft H and a sink at ft 0 , the irreversibility becomes 


•^destroyed F 0 


ft>ut ft 


in 


ftn ft 


ft)Ut 


Zo 

ft 


ftn = ft 


in 


ftmt 

V ftn 


ftn 


V x 0 x // J V V 

= ftn [(! - 1th ) - (l - lth,c\ = ftn (ft/i,C - 1th 


ft 


H J 


10-115 Thermal collection efficiency of a solar collector system is given. The operating temperature of the solar collector 
for maximum system efficiency is to be determined and an expression for maximum system efficiency is to be developed. 

Analysis ( a ) The overall system efficiency is a product of the solar collector and power plant efficiencies, or 


1 = Isdth = i A - BT H ) 


F 


ft 


L 


ft 


H J 


r 


= F 


Tr 


\ 


a-bt h -a-^ + bt l 

v T h 


(1) 


j 


The maximum temperature is found when 


dq 

dT~ 


= 0 , for which the optimal ft// is 


H 


A2- = - B + a\ = o 

dTu Ti 


ft 


> ft n — JA- 


ZZ optimal 


B 


( 2 ) 


H * H 

( b ) Substituting Eq. (2) into Eq. (1) gives the maximum overall system efficiency: 

r \ 


1 max = F 


a-bJa t - f 

B 


-A 


ft 


L 


'A — 


+ BT 


L 


B 




Discussion A higher value of T H increases the power plant efficiency but decreases the heat gained from the solar collector, 
and the converse. This problem illustrates how components integrated to form a system must be mutually adjusted to 
optimize system performance. 
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10-116 Consider a simple ideal Rankine cycle. If the condenser pressure is lowered while keeping turbine inlet state the 
same, (select the correct statement) 

(a) the turbine work output will decrease. 

(b) the amount of heat rejected will decrease. 

(c) the cycle efficiency will decrease. 

(d) the moisture content at turbine exit will decrease. 

(e) the pump work input will decrease. 


Answer (b) the amount of heat rejected will decrease. 


10-117 Consider a simple ideal Rankine cycle with fixed boiler and condenser pressures. If the steam is superheated to a 
higher temperature, (select the correct statement) 

(a) the turbine work output will decrease. 

(b) the amount of heat rejected will decrease. 

(c) the cycle efficiency will decrease. 

(d) the moisture content at turbine exit will decrease. 

(e) the amount of heat input will decrease. 


Answer (d) the moisture content at turbine exit will decrease. 


10-118 Consider a simple ideal Rankine cycle with fixed boiler and condenser pressures . If the cycle is modified with 
reheating, (select the correct statement) 

(a) the turbine work output will decrease. 

(b) the amount of heat rejected will decrease. 

(c) the pump work input will decrease. 

(d) the moisture content at turbine exit will decrease. 

(e) the amount of heat input will decrease. 


Answer (d) the moisture content at turbine exit will decrease. 
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10-119 Consider a simple ideal Rankine cycle with fixed boiler and condenser pressures . If the cycle is modified with 
regeneration that involves one open feed water heater, (select the correct statement per unit mass of steam flowing through 
the boiler) 

(a) the turbine work output will decrease. 

(b) the amount of heat rejected will increase. 

(c) the cycle thermal efficiency will decrease. 

(d) the quality of steam at turbine exit will decrease. 

(e) the amount of heat input will increase. 


Answer (a) the turbine work output will decrease. 


10-120 Consider a steady-flow Carnot cycle with water as the working fluid executed under the saturation dome between 
the pressure limits of 3 MPa and 10 kPa. Water changes from saturated liquid to saturated vapor during the heat addition 
process. The net work output of this cycle is 

(a) 666 kJ/kg (b) 888 kJ/kg (c) 1040 kJ/kg (d) 1130 kJ/kg (e) 1440 kJ/kg 


Answer (a) 666 kJ/kg 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =33000 "kPa" 

P2=1 0 "kPa" 

h_fg=ENTHALPY(Steam_IAPWS,x=1 ,P=P1)-ENTHALPY(Steam_IAPWS,x=0,P=P1 ) 

T1 =TEMPERATURE(Steam_IAPWS,x=0,P=P1 )+273 
T2=TEMPERATURE(Steam_IAPWS,x=0,P=P2)+273 
q_in=h_fg 

Eta_Carnot=1-T2/T1 
w_net= Eta_Carnot*q _i n 

"Some Wrong Solutions with Common Mistakes:" 

W1_work = Eta1*q_in; Eta1=T2/T1 "Taking Carnot efficiency to be T2/T1" 

W2_work = Eta2*q_in; Eta2=1-(T2-273)/(T1-273) "Using C instead of K" 

W3_work = Eta_Carnot*ENTHALPY(Steam_IAPWS,x=1 ,P=P1) "Using h_g instead of h_fg" 

W4_work = Eta_Carnot*q2; q2=ENTHALPY(SteamJAPWS,x=1 ,P=P2)-ENTHALPY(Steam_IAPWS,x=0,P=P2) 
"Using hjg at P2" 
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10-121 A simple ideal Rankine cycle operates between the pressure limits of 10 kPa and 3 MPa, with a turbine inlet 
temperature of 600°C. Disregarding the pump work, the cycle efficiency is 

(a) 24% (b) 37% (c) 52% (d) 63% (e) 71% 


Answer (b) 37% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =10 "kPa" 

P2=3000 "kPa" 

P3=P2 
P4=P1 
T3=600 "C" 
s4=s3 

h1=ENTHALPY(Steam_IAPWS,x=0,P=P1 ) 
vl =VOLUME(SteamJAPWS,x=0,P=P1 ) 
w_pump=v1 *(P2-P1 ) "kJ/kg" 
h2=h1+w_pump 

h3=ENTHALPY(Steam_IAPWS,T=T3,P=P3) 

s3=ENTROPY(Steam_IAPWS,T=T3,P=P3) 

h4=ENTHALPY(Steam_IAPWS,s=s4,P=P4) 

q_in=h3-h2 

q_out=h4-h1 

Eta_th=1 -q_out/q_in 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eff = q_out/q_in "Using wrong relation" 

W2_Eff = 1-(h44-h1)/(h3-h2); h44 = ENTHALPY(Steam_IAPWS,x=1 ,P=P4) "Using h_g for h4" 

W3_Eff = 1-(T1+273)/(T3+273); T1=TEMPERATURE(Steam_IAPWS,x=0,P=P1) "Using Carnot efficiency" 
W4_Eff = (h3-h4)/q_in "Disregarding pump work" 
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10-122 A simple ideal Rankine cycle operates between the pressure limits of 10 kPa and 5 MPa, with a turbine inlet 
temperature of 600°C. The mass fraction of steam that condenses at the turbine exit is 

(a) 6% (b) 9% (c) 12% (d) 15% (e) 18% 


Answer (c) 12% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =10 "kPa" 

P2=5000 "kPa" 

P3=P2 
P4=P1 
T3=600 "C" 
s4=s3 

h3=ENTHALPY(Steam_IAPWS,T=T3,P=P3) 

s3=ENTROPY(Steam_IAPWS,T=T3,P=P3) 

h4=ENTHALPY(Steam_IAPWS,s=s4,P=P4) 

x4=QUALITY(SteamJAPWS,s=s4,P=P4) 

moisture=1-x4 

"Some Wrong Solutions with Common Mistakes:" 

W1_moisture = x4 "Taking quality as moisture" 

W2_moisture = 0 "Assuming superheated vapor" 
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10-123 A steam power plant operates on the simple ideal Rankine cycle between the pressure limits of 5 kPa and 10 MPa, 
with a turbine inlet temperature of 600°C. The rate of heat transfer in the boiler is 300 kJ/s. Disregarding the pump work, 
the power output of this plant is 

(a) 93 kW (b) 1 18 kW (c) 190 kW (d) 216 kW (e) 300 kW 


Answer (b) 118 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =10 "kPa" 

P2=5000 "kPa" 

P3=P2 
P4=P1 
T3=600 "C" 
s4=s3 

Q_rate=300 "kJ/s" 
m=Q_rate/q_in 

h1=ENTHALPY(Steam_IAPWS,x=0,P=P1 ) 
h2=h1 "pump work is neglected" 

"vl =VOLUME(Steam_IAPWS,x=0,P=P1 ) 
w_pump=v1 *(P2-P1 ) 
h2=h1+w_pump" 

h3=ENTHALPY(Steam_IAPWS,T=T3,P=P3) 

s3=ENTROPY(Steam_IAPWS,T=T3,P=P3) 

h4=ENTHALPY(Steam_IAPWS,s=s4,P=P4) 

q_in=h3-h2 

W_turb=m*(h3-h4) 

"Some Wrong Solutions with Common Mistakes:" 

W1_power = Q_rate "Assuming all heat is converted to power" 

W3_power = Q_rate*Carnot; Carnot = 1-(T1+273)/(T3+273); T1=TEMPERATURE(Steam_IAPWS,x=0,P=P1) 
"Using Carnot efficiency" 

W4_power = m*(h3-h44); h44 = ENTHALPY(Steam_IAPWS,x=1,P=P4) "Taking h4=h_g" 
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10-124 Consider a combined gas-steam power plant. Water for the steam cycle is heated in a well-insulated heat exchanger 
by the exhaust gases that enter at 800 K at a rate of 60 kg/s and leave at 400 K. Water enters the heat exchanger at 200°C 
and 8 MPa and leaves at 350°C and 8 MPa. If the exhaust gases are treated as air with constant specific heats at room 
temperature, the mass flow rate of water through the heat exchanger becomes 

(a) 1 1 kg/s (b) 24 kg/s (c) 46 kg/s (d) 53 kg/s (e) 60 kg/s 


Answer (a) 11 kg/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

m_gas=60 "kg/s" 

Cp= 1.005 "kJ/kg.K" 

T3=800 "K" 

T4=400 "K" 

Q_gas=m_gas*Cp*(T3-T4) 

PI =8000 "kPa" 

T1=200 "C" 

P2=8000 "kPa" 

T2=350 "C" 

hi =ENTHALPY(Steam_IAPWS,T=T1 ,P=P1 ) 
h2=ENTHALPY(Steam_IAPWS,T=T2,P=P2) 

Q_steam=m_steam*(h2-h1 ) 

Q_gas=Q_steam 

"Some Wrong Solutions with Common Mistakes:" 

m_gas*Cp*(T3 -T4)=W1_msteam*4.18*(T2-T1) "Assuming no evaporation of liquid water" 
m_gas*Cv*(T3 -T4)=W2_msteam*(h2-h1); Cv=0.718 "Using Cv for air instead of Cp" 

W3_msteam = m_gas "Taking the mass flow rates of two fluids to be equal" 

m_gas*Cp*(T3 -T4)=W4_msteam*(h2-h1 1); hi 1=ENTHALPY(Steam_IAPWS,x=0,P=P1) "Taking h1=hf@P1" 
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10-125 An ideal reheat Rankine cycle operates between the pressure limits of 10 kPa and 8 MPa, with reheat occurring at 4 
MPa. The temperature of steam at the inlets of both turbines is 500°C, and the enthalpy of steam is 3185 kJ/kg at the exit of 
the high-pressure turbine, and 2247 kJ/kg at the exit of the low-pressure turbine. Disregarding the pump work, the cycle 
efficiency is 

(a) 29% (b) 32% (c) 36% (d) 41% (e) 49% 


Answer (d)41% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =10 "kPa" 

P2=8000 "kPa" 

P3=P2 

P4=4000 "kPa" 

P5=P4 
P6=P1 
T3=500 "C" 

T5=500 "C" 

s4=s3 

s6=s5 

h1=ENTHALPY(Steam_IAPWS,x=0,P=P1 ) 
h2=h1 

h44=3185 "kJ/kg - for checking given data" 

h66=2247 "kJ/kg - for checking given data" 

h3=ENTHALPY(Steam_IAPWS,T=T3,P=P3) 

s3=ENTROPY(Steam_IAPWS,T=T3,P=P3) 

h4=ENTHALPY(Steam_IAPWS,s=s4,P=P4) 

h5=ENTHALPY(Steam_IAPWS,T=T5,P=P5) 

s5=ENTROPY(SteamJAPWS,T=T5,P=P5) 

h6=ENTHALPY(Steam_IAPWS,s=s6,P=P6) 

qjn=(h3-h2)+(h5-h4) 

q_out=h6-h1 

Eta_th=1 -q_out/q_in 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eff = q_out/q_in "Using wrong relation" 

W2_Eff = 1-q_out/(h3-h2) "Disregarding heat input during reheat" 

W3_Eff = 1-(T1+273)/(T3+273); T1=TEMPERATURE(Steam_IAPWS,x=0,P=P1) "Using Carnot efficiency" 
W4_Eff = 1-q_out/(h5-h2) "Using wrong relation for qjn" 
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10-126 Pressurized feedwater in a steam power plant is to be heated in an ideal open feedwater heater that operates at a 
pressure of 2 MPa with steam extracted from the turbine. If the enthalpy of feedwater is 252 kJ/kg and the enthalpy of 
extracted steam is 2810 kJ/kg, the mass fraction of steam extracted from the turbine is 

(a) 10% (b) 14% (c) 26% (d) 36% (e) 50% 


Answer (c) 26% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

h_feed=252 "kJ/kg" 
h_extracted=281 0 "kJ/kg" 

P3=2000 "kPa" 

h3=ENTHALPY(Steam_IAPWS,x=0,P=P3) 

"Energy balance on the FWH" 
h3=x_ext*h_extracted+(1-x_ext)*h_feed 

"Some Wrong Solutions with Common Mistakes:" 

W1_ext = h_feed/h_extracted "Using wrong relation" 

W2_ext = h3/(h_extracted-h_feed) "Using wrong relation" 

W3_ext = h_feed/(h_extracted-h_feed) "Using wrong relation" 


10-127 Consider a steam power plant that operates on the regenerative Rankine cycle with one open feedwater heater. The 
enthalpy of the steam is 3374 kJ/kg at the turbine inlet, 2797 kJ/kg at the location of bleeding, and 2346 kJ/kg at the turbine 
exit. The net power output of the plant is 120 MW, and the fraction of steam bled off the turbine for regeneration is 0.172. 
If the pump work is negligible, the mass flow rate of steam at the turbine inlet is 

(a) 1 17 kg/s (b) 126 kg/s (c) 219 kg/s (d) 288 kg/s (e) 679 kg/s 


Answer (b) 126 kg/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

h_in=3374 "kJ/kg" 
h_out=2346 "kJ/kg" 
h_extracted=2797 "kJ/kg" 

Wnet_out=1 20000 "kW" 
x_bleed=0.172 

w_turb=(h_in-h_extracted)+(1-x_bleed)*(h_extracted-h_out) 
m = W n et_o ut/w_t u r b 

"Some Wrong Solutions with Common Mistakes:" 

W1_mass = Wnet_out/(h_in-h_out) "Disregarding extraction of steam" 

W2_mass = Wnet_out/(x_bleed*(h_in-h_out)) "Assuming steam is extracted at trubine inlet" 

W3_mass = Wnet_out/(hJn-h_out-x_bleed*h_extracted) "Using wrong relation" 
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10-128 Consider a cogeneration power plant modified with regeneration. Steam enters the turbine at 6 MPa and 450°C at a 
rate of 20 kg/s and expands to a pressure of 0.4 MPa. At this pressure, 60% of the steam is extracted from the turbine, and 
the remainder expands to a pressure of 10 kPa. Part of the extracted steam is used to heat feedwater in an open feedwater 
heater. The rest of the extracted steam is used for process heating and leaves the process heater as a saturated liquid at 0.4 
MPa. It is subsequently mixed with the feedwater leaving the feedwater heater, and the mixture is pumped to the boiler 
pressure. The steam in the condenser is cooled and condensed by the cooling water from a nearby river, which enters the 
adiabatic condenser at a rate of 463 kg/s. 



h x = 191.81 

h 2 = 192.20 

hi, = h 4 = h 9 = 604.66 

h 5 = 610.73 

h 6 = 3302.9 

h 7 = h% = /z io = 2665.6 

h n = 2128.8 


1. The total power output of the turbine is 

(a) 17.0 MW ( b ) 8.4 MW (c) 12.2 MW (d) 20.0 MW (e) 3.4 MW 


Answer (a) 17.0 MW 


2. The temperature rise of the cooling water from the river in the condenser is 

(a) 8.0°C (b) 5.2°C (c) 9.6°C (d) 12.9°C (e) 16.2°C 


Answer (a) 8.0°C 


3. The mass flow rate of steam through the process heater is 

(a) 1.6 kg/s (b) 3.8 kg/s (c) 5.2 kg/s (d) 7.6 kg/s (e) 10.4 kg/s 


Answer (e) 10.4 kg/s 


4 . The rate of heat supply from the process heater per unit mass of steam passing through it is 

(a) 246 kJ/kg (b) 893 kJ/kg (c) 1 344 kJ/kg (d) 1891 kJ/kg (e) 2060 kJ/kg 


Answer ( e ) 2060 kJ/kg 
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5. The rate of heat transfer to the steam in the boiler is 

(a) 26.0 MJ/s (b) 53.8 MJ/s (c) 39.5 MJ/s (d) 62.8 MJ/s (e) 125.4 MJ/s 


Answer ( b ) 53.8 MJ/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Note: The solution given below also evaluates all enthalpies given on the figure. 

PI =10 "kPa" 

PI 1=P1 
P2=400 "kPa" 

P3=P2; P4=P2; P7=P2; P8=P2; P9=P2; P10=P2 
P5=6000 "kPa" 

P6=P5 

T6=450 "C" 

m_total=20 "kg/s" 

m7=0.6*m_total 

m_cond=0.4*m_total 

C=4.1 8 "kJ/kg.K" 

m_cooling=463 "kg/s" 

s7=s6 

s11=s6 

h1=ENTHALPY(Steam_IAPWS,x=0,P=P1 ) 
vl =VOLUME(Steam_IAPWS,x=0,P=P1 ) 
w_pump=v1*(P2-P1) 
h2=h1+w_pump 

h3=ENTHALPY(Steam_IAPWS,x=0,P=P3) 
h4=h3; h9=h3 

v4=VOLUME(SteamJAPWS,x=0,P=P4) 

w_pump2=v4*(P5-P4) 

h5=h4+w_pump2 

h6=ENTHALPY(Steam_IAPWS,T=T6,P=P6) 
s6=ENTROPY(SteamJAPWS,T=T6,P=P6) 
h7=ENTHALPY(Steam_IAPWS,s=s7,P=P7) 
h8=h7; h10=h7 

hi 1 =ENTHALPY(Steam_IAPWS,s=s1 1 ,P=P1 1 ) 

W_turb=m_total*(h6-h7)+m_cond*(h7-h1 1 ) 

m_cooling*C*T_rise=m_cond*(h1 1 -hi ) 

m_cond*h2+m_feed*h10=(m_cond+m_feed)*h3 

m_process=m7-m_feed 

q_process=h8-h9 

Q_in=m_total*(h6-h5) 
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Chapter 1 1 

REFRIGERATION CYCLES 
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The Reversed Carnot Cycle 


11-2 


11-1C Because the compression process involves the compression of a liquid-vapor mixture which requires a compressor 
that will handle two phases, and the expansion process involves the expansion of high-moisture content refrigerant. 


11-2C The reversed Carnot cycle serves as a standard against which actual refrigeration cycles can be compared. Also, the 
COP of the reversed Carnot cycle provides the upper limit for the COP of a refrigeration cycle operating between the 
specified temperature limits. 


11-3 A steady-flow Carnot refrigeration cycle with refrigerant- 1 34a as the working fluid is considered. The coefficient of 
performance, the amount of heat absorbed from the refrigerated space, and the net work input are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) Noting that T H = 60°C = 333 K and T L = r sat @ i 40 kp a = ~T8.77°C = 254.2 K, the COP of this Carnot refrigerator 
is determined from 

COP RC = 1 = t ^ v — = 3.227 

Tr/Tl-1 (333 K)/(254.2 K) - 1 

( b ) From the refrigerant tables (Table A-l 1), 

h 3 —h g @ 6o°c = 278.47 kJ/kg 
/*4 ~^/@60°c —139.38 kJ/kg 

Thus, 

q H =h 3 -h 4 =278.47 -139.38 = 139.1 kJ/kg 
and 

|(l39.1 kJ/kg) = 106.2 kJ/kg 

(c) The net work input is determined from 

w net =q H ~<1l = 139.1 - 106.2 = 32.9 kJ/kg 


q H T„ T, f 254.2 K 

— = — >q L = — <iH= 

q l T l T h HH y 333 K 
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11-4E A steady-flow Carnot refrigeration cycle with refrigerant- 134a as the working fluid is considered. The coefficient of 
performance, the quality at the beginning of the heat-absorption process, and the net work input are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) Noting that T H = T sat @ 90 p S ia = 72.78°F = 532.8 R and T L = T sat @ 3 o ps i a = 15.37°F = 475.4 R. 


COP R , c = 


1 


1 


= 8.28 


T h IT l -\ (532.8 R)/(475.4R)-1 

( b ) Process 4-1 is isentropic, and thus 

*1 = *4 = (*/ + a .on., = °- 07481 + (0.05 Xo. 14529) 


= 0.08208 Btu/lbm-R 


x \ = 


S\ — s 


f 


V fs J @ 3Q p S i a 


0.08208 - 0.03792 
0.18595 


= 0.237 


(c) Remembering that on a T-s diagram the area enclosed 
represents the net work, and s 3 = s g @ 90 psia = 0.2201 1 Btu/lbm-R, 



w netin ={ t h ~ t lX s 3 ~ ) = (72.78 - 1 5.37)(().220 1 I - 0.08208) B tu/1 bin- R = 7.92 Btu/lhm 


Ideal and Actual Vapor-Compression Refrigeration Cycles 


11-5C To make the ideal vapor-compression refrigeration cycle more closely approximate the actual cycle. 


11 -6C No. Assuming the water is maintained at 10°C in the evaporator, the evaporator pressure will be the saturation 
pressure corresponding to this pressure, which is 1.2 kPa. It is not practical to design refrigeration or air-conditioning 
devices that involve such extremely low pressures. 


11-7C Allowing a temperature difference of 10°C for effective 
should be 25 °C. The saturation pressure corresponding to 25 °C 
be 0.7 MPa. 


heat transfer, the condensation temperature of the refrigerant 
is 0.67 MPa. Therefore, the recommended pressure would 


11-8C The area enclosed by the cyclic curve on a T-s diagram represents the net work input for the reversed Carnot cycle, 
but not so for the ideal vapor-compression refrigeration cycle. This is because the latter cycle involves an irreversible 
process for which the process path is not known. 


11-9C The cycle that involves saturated liquid at 30°C will have a higher COP because, judging from the T-s diagram, it 
will require a smaller work input for the same refrigeration capacity. 
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11-10C The minimum temperature that the refrigerant can be cooled to before throttling is the temperature of the sink (the 
cooling medium) since heat is transferred from the refrigerant to the cooling medium. 


11-1 IE An ice-making machine operates on the ideal vapor-compression refrigeration cycle, using refrigerant- 134a as the 
working fluid. The power input to the ice machine is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-12E and A-13E), 


P x = 20 psia = h g @ 2 o ps ia = 102.74 Btu/lbm 
sat. vapor J s x = s g @ 2 o ps ia = 0-22570 Btu/lbm - R 

P 9 = 80 psia 1 

>h 2 =115.01 Btu/lbm 

^2 “ ^1 J 

} '% - '■/ «« p- = 33 » 

h 4 = h 3 = 33.39 Btu/lbm (throttling) 

The cooling load of this refrigerator is 

Q l = m ice (M) ice = (15/3600 lbm/sXl69 Btu/lbm) = 0.7042 Btu/s 



Then the mass flow rate of the refrigerant and the power input become 
Q l 0.7042 Btu/s 


m R = 


h x - h 4 (l02.74-33.39) Btu/lbm 


= 0.010151bm/s 


and 


W in =m R (h 2 - /Zj ) = ( 0 . 0 1 0 1 5 lbm/s)(l 1 5 . 0 1 - 1 02. 74) B tu/lbrnf ^ 

0.7068 Btu/s 


= 0.176 hp 
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11-12E A refrigerator operating on the ideal vapor-compression refrigeration cycle with refrigerant- 1 34a as the working 
fluid is considered. The increase in the COP if the throttling process were replaced by an isentropic expansion is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-l IE, A-12E, and A-13E), 


T x = 20°F 
sat. vapor 

P 0 = 300psia 

^2 ~ s l 

P 3 = 300 psia 
sat. liquid 


>h = h g 
s , = s„ 


20 ° F = 106.00 Btu/lbm 
20 ° F - 0.22345 Btu/lbm - R 


h 2 =125.70 Btu/lbm 


h 3 = h f@ 300psia = 66.347 Btu/lbm 
s 3 =s /@ 300psia =0- 12717 Btu/lbm- R 


h 4 = h 3 = 66.347 Btu/lbm (throttling) 
T 4 = 20°F 1 h 4s = 59.81 Btu/lbm 


Sa = s 


x 4s = 0.4724 


(isentropic expansion) 


The COP of the refrigerator for the throttling case is 


COP R = 




w 


in 


h x -h 4 

h 2 -h x 


106.00-66.347 


= 2.013 


125.70-106.00 

The COP of the refrigerator for the isentropic expansion case is 


COP R = 




w 


in 


h r h 4s 

h 2 -h\ 


106.00-59.81 

125.70-106.00 


= 2.344 



The increase in the COP by isentropic expansion is 


Percent Increase in COP = 


2.344-3.013 

2.013 


0.165 = 16 . 5 % 
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11-13 An ideal vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The COP and 
the power requirement are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 


r, =-12°Cl K =h g@ _ I 2 °c = 243.34 kJ/kg 
sat. vapor J s x = @ _i 2 °c = 0-93925 kJ/kg • K 

P 2 =0.8 MPa 
^2 = ^1 

sit liquid^ 3 } * 3 = /! / @ iMPa = 95.48 kJ/kg 
h 4 =h 3 = 95.48 kJ/kg (throttling) 

The mass flow rate of the refrigerant is 


| /z 2 =273.71 kJ/kg 


Q l = m(h x — h 4 ) > m = 


Q 


L 


h x - h A 


150kJ/s 

(243.34-95.48) kJ/kg 



1.014 kg/s 


The power requirement is 

W in =m(h 2 -h x ) = (1.014 kg/s)(273. 71 - 243.34) kJ/kg = 30.81kW 
The COP of the refrigerator is determined from its definition, 


COP R = 


Q 


L 


150 kW 


W in 30.81kW 


= 4.87 


in 
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11-14 — An ideal vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The 

quality of the refrigerant at the end of the throttling process, the COP, and the power input to the compressor are to be 



determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-12 and A-13), 



= 239.19kJ/kg 


T A 





h 4 = h 3 = 95.48 kJ/kg (throttling) 


The quality of the refrigerant at the end of the throttling process is 



( b ) The COP of the refrigerator is determined from its definition, 


q L h x -h 4 239.19-95.48 


w in h 2 -h x 275.40-239.19 


(c) The power input to the compressor is determined from 


VF 

r in 


Q l (300/ 60)kW 
COP R ~ 3.969 


= 1.260 kW 
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11-15 

investigated. 


Problem 11-14 is reconsidered. The effect of evaporator pressure on the COP and the power input is to be 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

{P[1 ]=1 40 [kPa]} 

{P[2] = 800 [kPa] 

Fluid$='R134a' 

Eta_c=1.0 "Compressor isentropic efficiency" 

Q_dot_in=300/60 "[kJ/s]"} 

"Compressor" 

x[1 ]=1 "assume inlet to be saturated vapor" 
h[1 ]=enthalpy(Fluid$,P=P[1 ],x=x[1 ]) 

T[1]=temperature(Fluid$,h=h[1],P=P[1]) "properties for state 1" 
s[1 ]=entropy(Fluid$,T=T[1 ],x=x[1 ]) 

h2s=enthalpy(Fluid$,P=P[2],s=s[1]) "Identifies state 2s as isentropic" 
h[1]+Wcs=h2s "energy balance on isentropic compressor" 
Wc=Wcs/Eta_c"definition of compressor isentropic efficiency" 
h[1]+Wc=h[2] "energy balance on real compressor-assumed adiabatic" 
s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2" 
T[2]=temperature(Fluid$,h=h[2],P=P[2]) 

W_dot_c=m_dot*Wc 

"Condenser" 

P[3]=P[2] "neglect pressure drops across condenser" 
T[3]=temperature(Fluid$,h=h[3],P=P[3]) "properties for state 3" 
h[3]=enthalpy(Fluid$,P=P[3],x=0) "properties for state 3" 
s[3]=entropy(Fluid$,T=T[3],x=0) 
h[2]=q_out+h[3] "energy balance on condenser" 
Q_dot_out=m_dot*q_out 

"Valve" 

h[4]=h[3] "energy balance on throttle - isenthalpic" 
x[4]=quality(Fluid$,h=h[4],P=P[4]) "properties for state 4" 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) 
T[4]=temperature(Fluid$,h=h[4],P=P[4]) 

"Evaporator" 

P[4]=P[1] "neglect pressure drop across evaporator" 
qjn + h[4]=h[1] "energy balance on evaporator" 

Q_d ot _i n = m_d ot*q_i n 

COP=Q_dot_in/W_dot_c "definition of COP" 

COP_plot = COP 
W dot in = W dot c 


Pi fkPal 

COP clot 

w in [kWl 

100 

3.217 

1.554 

175 

4.656 

1.074 

250 

6.315 

0.7917 

325 

8.388 

0.5961 

400 

11.15 

0.4483 
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COP vs Compressor Efficiency for R134a 
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P[1] [kPa] 



P[1] [kPa] 
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11-16 A nonideal vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The 
quality of the refrigerant at the end of the throttling process, the COP, the power input to the compressor, and the 
irreversibility rate associated with the compression process are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser 
as saturated liquid at the condenser pressure. From the refrigerant tables (Tables A- 12 and A- 13), 


P x = 140 kPaUi ~hg@ i40kPa = 239.19 kJ/kg 
sat . vapor j s x =s g@ 140k pa = 0.94467 kJ/kg • K 


P 2 = 0.8 MPa 

S 2s = ^1 


h 2s =275.40 kJ/kg 


= his — _j > h =h + (/* -h x )/n r 

h 2 ~ h 1 =239.19 + (275.40 -239.19)/(0.85) 

= 281.79 kJ/kg 


P 3 = 0.8 MPa 
sat. liquid 


^3 ~hf @ o.8 MPa _ 95.48 kJ/kg 


h 4 =h 3 = 95.48 kJ/kg (throttling) 



The quality of the refrigerant at the end of the throttling process is 


x A = 


r h 4 - hf N 


h 


fg 


140kPa 


95.48-27.06 

212.13 


0.323 


( b ) The COP of the refrigerator is determined from its definition, 

q L h x -h 4 239.19-95.48 


COP R = 


w 


in 


h 2 -h x 281.79-239.19 


= 3.373 


(c) The power input to the compressor is determined from 


WC = 


Q 


L 


5 kW 


in 


COP R 3.373 


= 1.48 kW 


The exergy destruction associated with the compression process is determined from 


^destroyed -^O^gen -^0^ 


So S i 




<P0 


sun - 


Tr 


= T 0 m(s 2 ~s x ) 


where 


m = 


Qr Q 


L 


5 kJ/s 


q L h x - h 4 (239. 19 - 95.48) kJ/kg 
P 2 = 0.8 MPa 


= 0.03479 kg/s 


h 2 = 281.79 kJ/kg 


s 2 =0.96494 kJ/kg -K 


Thus, 


X destroyed = ( 2 98 kXo. 03479 kg/sXo. 96494 - 0.94467) kJ/kg • K = 0.210 kW 
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11-17 A refrigerator with refrigerant- 134a as the working fluid is considered. The rate of heat removal from the refrigerated 
space, the power input to the compressor, the isentropic efficiency of the compressor, and the COP of the refrigerator are to 
be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis ( a ) From the refrigerant tables (Tables A- 12 and A- 13), 

P x = 0.20 MPa Uj = 248.82 kJ/kg 
T x = -5°C \s x = 0.95414 kJ/kg • K 

= !'l^ Pa \h 2 = 300.63 kJ/kg 


T 2 = 70°C 
P 2s = 1.2 MPa] 




S 2s “ ^1 

P 3 =1.15 MPa | 
T 3 = 44°C 


i 


h 2s = 287.23 kJ/kg 


h 3 — h y @ 440^ — 1 14.30 kJ/kg 



h 4 =h 3 =114. 30 kJ/kg (throttling) 

Then the rate of heat removal from the refrigerated space and the power input to the compressor are determined from 

q l = m(h x - /z 4 ) = (0.07kg/sX248. 82 -114.30) kJ/kg = 9.416 kW 
and 

W in = m(h 2 ~h x ) = (0.07 kg/sX300.63 - 248.82) kJ/kg = 3.627 kW 
( b ) The isentropic efficiency of the compressor is determined from 

287.23-248.82 


7c = 


h 2 s ~ h \ 

h 2 — 


= 0.7414 = 74 . 1 % 


300.63-248.82 

(c) The COP of the refrigerator is determined from its definition, 

= 2.60 


cop r A = 9 - 416kw 


W in 3.627 kW 


in 
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11-18 A commercial refrigerator with refrigerant- 1 34a as the working fluid is considered. The quality of the refrigerant at 
the evaporator inlet, the refrigeration load, the COP of the refrigerator, and the theoretical maximum refrigeration load for 
the same power input to the compressor are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From refrigerant- 1 34a tables (Tables A-l 1 through A- 13) 


P x = 60kPa 
T x = -34°C 

P 2 = 1200 kPa 
T 2 = 65°C 
P 3 = 1200 kPa 


T 3 = 42°C 
h 4 =h 3 =111.25 kJ/kg 
P 4 = 60 kPa 
h 4 =111.25 kJ/kg 


h x = 230.04 kJ/kg 


h 2 =295.18 kJ/kg 


h 3 =111.25 kJ/kg 


x 4 =0.4796 


Using saturated liquid enthalpy at the given temperature, 
for water we have (Table A-4) 

h w{ = h/@ i8°c = 75.47 kJ/kg 
h W 2 = hf@ 26°c =108.94 kJ/kg 


42°C 


26°C 


^Qh 


Water 
+■ 18°C 


Condenser 


2 


X* 


Expansion 

valve 


Compressor 


4 


Evaporator 


Ql 


1.2 MPa 
65°C 


r 


Qi 


60 kPa 
-34°C 




(b) The mass flow rate of the refrigerant may be determined from an energy balance on the compressor 

m R {h 2 -h 3 ) = m w (h w2 -h wl ) 

m R (295.18 - 1 1 1.25)kJ/kg = (0.25 kg/s)(108.94 - 75.47)kJ/kg 
>m R =0.04549 kg/s 


The waste heat transferred from the refrigerant, the compressor power input, and the refrigeration load are 
Q h = m R (h 2 -h 3 ) = (0.04549 kg/s)(295. 18-1 1 1 .25)kJ/kg = 8.367 kW 

W m =m R (h 2 -h x )-Q in = (0.04549 kg/s)(295. 18 - 230.04)kJ/kg - 0.450kW = 2.5 13 kW 
Q l =Q h -W in -Qm =8.367 -2.5 13 -0.450 = 5. 404kW 


(c) The COP of the refrigerator is determined from its definition 


COP = 




5.404 

2.513 


2.15 


(d) The reversible COP of the refrigerator for the same 
temperature limits is 


COP 


max 


1 


= 5.063 

(18 + 273) /(-30 + 273) - 1 


Then, the maximum refrigeration load becomes 

e,„n M =COP ma W in = (5.063 )(2. 513 kW ) = 1 2.72kW 
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11-19 A refrigerator with refrigerant- 134a as the working fluid is considered. The power input to the compressor, the rate of 
heat removal from the refrigerated space, and the pressure drop and the rate of heat gain in the line between the evaporator 
and the compressor are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the refrigerant tables (Tables A- 12 and A- 13), 


P x =100 kPa 
T x = -20°C 


h x = 239.52 kJ/kg 
\s x = 0.97215 kJ/kg -K 
* c/j = 0.19841 m 3 /kg 


P 2 = 0.8 MPa 

S 2s “ ^1 


| h 2s =284.09 kJ/kg 


P 3 = 0.75 MPa \ nn qo i T/i 

r 3 = 26°C J @ 26 °c _ 87.83 kJ/kg 

h 4 = h 3 =87.83 kJ/kg (throttling) 


T 5 = -26°C ]P 5 =0.10173 MPa 
sat. vapor J h 5 = 234.70 kJ/kg 



Then the mass flow rate of the refrigerant and the power input becomes 




m = 


(/i 


0.5/60 m 3 /s 
0.19841 m 3 /kg 


0.04200 kg/s 


W in =m(h 2s -h x )lri c =(0.04200kg/s|(284.09-239.52)kJ/kg]/(0.78) = 2.40kW 


( b ) The rate of heat removal from the refrigerated space is 

Q, = m(h 5 -h 4 ) = (0.04200 kg/sX234.70 - 87.83) kJ/kg = 6.17 kW 

(c) The pressure drop and the heat gain in the line between the evaporator and the compressor are 

A P = P 5 -P X =101.73-100 = 1.73 
and 

Ggain ='»(/?, - h 5 ) = (0.04200 kg/s)(239.52 - 234.70) kJ/kg = 0.203 kW 
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11-20 



Problem 11-19 is reconsidered. The effects of the compressor isentropic efficiency and the compressor inlet 


volume flow rate on the power input and the rate of refrigeration are to be investigated. 
Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

P[1]=100 [kPa] 
T[1]=-20 [C] 
V_dot=0.5 [m A 3/min] 
P[2]=800 [kPa] 
"Eta_C=0.78" 
P[3]=750 [kPa] 
T[3]=26 [C] 

T[5]=-26 [C] 
x[5]=1 


"Analysis" 

Fluid$='FI134a' 

"compressor" 

h[1]=enthalpy(Fluid$, P=P[1], T=T[1 ]) 
s[1]=entropy(Fluid$, P=P[1], T=T[1 ]) 
v[1]=volume(Fluid$, P=P[1], T=T[1 ]) 
s_s[2]=s[1] 

h_s[2]=enthalpy(Fluid$, P=P[2], s=s_s[2]) 
"expansion valve" 
x[3]=0 "assumed saturated liquid" 
h[3]=enthalpy(Fluid$, T=T[3], x=x[3]) 
h[4]=h[3] 

"evaporator exit" 

h[5]=enthalpy(Fluid$, T=T[5], x=x[5]) 
P[5]=pressure(Fluid$, T=T[5], x=x[5]) 
"cycle" 

m_dot=V_dot/v[1 ]*Convert(kg/min, kg/s) 
W_dot_in=m_dot*(h_s[2]-h[1])/Eta_C 
Q_dot_L=m_dot*(h[5]-h[4]) 
DELTAP=P[5]-P[1] 
Q_dot_gain=m_dot*(h[1 ]-h[5]) 



Tic 

W in 

fkwi 

Ql 

fkwi 

0.6 

3.12 

6.169 

0.65 

2.88 

6.169 

0.7 

2.674 

6.169 

0.75 

2.496 

6.169 

0.8 

2.34 

6.169 

0.85 

2.202 

6.169 

0.9 

2.08 

6.169 

0.95 

1.971 

6.169 

1 

1.872 

6.169 


14 

12 

10 

r-, 8 


0 












■ 



1 m 3 / 

min 



■ 

■ 







■ 

■ 



0.5 m 3 /min 



■ 

] c 




i =c 









- 


( 

m 3 /min 



- 


















4 
2 
0 

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 

nc 
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11-21 A refrigerator uses refrigerant- 1 34a as the working fluid and operates on the ideal vapor-compression 
refrigeration cycle except for the compression process. The mass flow rate of the refrigerant, the condenser pressure, 
and the COP of the refrigerator are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis ( a ) ( b ) From the refrigerant- 134a tables (Tables A-l 1 through A- 13) 


P 4 = 120kPa 
x 4 = 0.34 


h 4 = 95.41 kJ/kg 


h 3 =h 4 


h 3 =95.41 kJ/kg 
x 3 = 0 (sat. liq.) j 


A = 799kPa = 800kPa 




P 2 = 799 kPa 
T 2 = 70°C 


h 2 =306.92 kJ/kg 


P x =p 4 = 120kPa 
x x =1 (sat. vap.) 


h x = 236.99 kJ/kg 



x 


Qh 


Condenser 


70°C 


Expansion 

valve 


Compressor 


120 kPa 
v=0.34 


Evaporator 


Ql 


W, 


The mass flow rate of the refrigerant is determined from 




m = 


in 


h 2 ~ h\ 


0.45 kW 

(306.92 -236.99)kJ/kg 


0.006435kg/s 


(c) The refrigeration load and the COP are 
Q l =m(h l -h 4 ) 

= (0.06435 kg/s)(236.99 - 95.41)kJ/kg 
= 0.9111kW 


COP = = 0 9 1 1 1 kW _ 2.03 

W in 0.45kW 
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11-22 A vapor-compression refrigeration cycle with refrigerant-22 as the working fluid is considered. The hardware and the 
T-s diagram for this air conditioner are to be sketched. The heat absorbed by the refrigerant, the work input to the 
compressor and the heat rejected in the condenser are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) In this normal vapor-compression refrigeration cycle, the refrigerant enters the compressor as a saturated vapor 
at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser pressure. 



(b) The properties as given in the problem statement are 
/?4 = /I3 = Hf@ 45°c = 101 kJ/kg 
h\ — hq @ _5°c = 248. 1 kJ/kg. 

The heat absorbed by the refrigerant in the evaporator is 
q L =h l -h 4 =248.1 -101 = 1 47. 1kJ/kg 


(c) The COP of the air conditioner is 


COP R =SEER 


1 W 


3.412Btu/h 
The work input to the compressor is 


f 


16 


Btu/h 

W 


1 W 


3.412Btu/h 


= 4.689 


rnD <7 l v q L 147.1 kJ/kg Qiynrl/I ._ 

COP R = >w in = - _- ■ = — — = 31 .4 kJ/kg 


w 


in 


COP 


R 


4.689 


The enthalpy at the compressor exit is 


w in =h 2 -h l > h 2 =h l + w m = 248. 1 kJ/kg + 31.4 kJ/kg = 279.5 kJ/kg 

The heat rejected from the refrigerant in the condenser is then 
q H =h 2 -h 3 = 279.5 - 101 = 1 78.5kJ/kg 
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11-23 A vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The amount of 
cooling, the work input, and the COP are to be determined. Also, the same parameters are to be determined if the cycle 
operated on the ideal vapor-compression refrigeration cycle between the same temperature limits. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) The expansion process through the expansion 
valve is isenthalpic: h 4 = h 3 . Then, 

q L =h l -h 4 =402.49 -243. 19 = 1 59.3k J/kg 

q H =h 2 -h 3 =454.00 -243. 19 = 210.8 kJ/kg 

w in =h 2 -h l =454.00 - 402.49 = 51 .51kJ/kg 

l 159.3 kJ/kg _ _ _ 

COP = — = = 3.093 

w in 5 1.51 kJ/kg 



(c) Ideal vapor-compression refrigeration cycle solution: 
q L =h l -h 4 = 399.04 - 249.80 = 1 49.2kJ/kg 


q H = h 2 -h 3 =440.7 1-249. 80 = 190. 9 kJ/kg 


w in =h 2 -h l = 440.71 - 399.04 = 41 .67kJ/kg 

CQP = ^= 1492 kJ/kg = 3.582 
w in 41.67 kJ/kg 

Discussion In the ideal operation, the refrigeration load decreases by 
6.3% and the work input by 19.1% while the COP increases by 15.8%. 



Second-Law Analysis of Vapor-Compression Refrigeration Cycles 


11-24C The second-law efficiency of a refrigerator operating on the vapor-compression refrigeration cycle is defined as 
X Ql ^min i ^dest, total 


711, R ~ 


kk kk 


= 1 - 


kk 


where X q is the exergy of the heat transferred from the low-temperature medium and it is expressed as 




1 -*° 

V T lj 


X dest total the total exergy destruction in the cycle and kk is the actual power input to the cycle. The second-law efficiency 
can also be expressed as the ratio of the actual COP to the Carnot COP: 


7h,r ~~ 


COPr 

COPcamot 
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11-25C The second -law efficiency of a heat pump operating on the a vapor-compression refrigeration cycle is defined as 

^ X Qh ^min i ^dest, total 


^7 II, HP ~ 


W 


w 


= 1 - 


w 


Substituting 


W = 


Q 


H 


COP 


HP 


and Ex q„ = Qh 


1 


into the second-law efficiency equation 


T 


H J 


^7 II, HP - 


Ex q h 

w 


Q 


H 


Tr 


V t h j 


Q 


= Q 


H 


H 


Tr 


T 


COP 


HP 


COP 


HP 


COP 


HP 


H J 


Q 


H 


T 


H 


COP, 


Camot 


COP 


HP 


T h -Tl 


since T 0 = T L . 


11-26C In an isentropic compressor, ^2 = ^1 and h 2s = h 2 . Applying these to the two the efficiency definitions, we obtain 


^7s,Comp 


W- 

K isen 


W 


h 2s ~ h \ 

h 2 - /?, 


- h 


h 2 ~h l 


= 1 = 100 % 


^7lI,Comp 


w 


rev 


h 2 ~ h i ~T 0 (s 2 -Si) h 2 -h l 


w 


h 2 — h x 


h 2 - h x 


= 1 = 100 % 


Thus, the isentropic efficiency and the second-law efficiency of an isentropic compressor are both 100%. 

The second-law efficiency of a compressor is not necessarily equal to its isentropic efficiency. The two definitions 
are different as shown in the above equations. In the calculation of isentropic efficiency, the exit enthalpy is found at the 
hypothetical exit state (at the exit pressure and the inlet entropy) while the second-law efficiency involves the actual exit 
state. The two efficiencies are usually close but different. In the special case of an isentropic compressor, the two 
efficiencies become equal to each other as proven above. 
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11-27 A vapor-compression refrigeration system is used to keep a space at a low temperature. The power input, the COP and 
the second-law efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis The power input is 


W in =Q h -Q l = 5500 - 3500 = 2000 kJ/h = (2000 kJ/h) 


lkW 
3600 kJ/h 


J 


0.5556kW 


The COP is 


COP R 


Ql_ 

W in 


(3500/ 3600) kW 
0.5556 kW 


= 1.75 


The COP of the Carnot cycle operating between the space and the ambient is 


COP Camot - 


Tl 

t h -t l 


258 K 

(298-258) K 


= 6.45 


The second-law efficiency is then 


*7n = 


COP R 

COPcamot 


1.75 

— - = 0.271 = 27.1% 
6.45 


11-28 A refrigerator is used to cool bananas at a specified rate. The rate of heat absorbed from the bananas, the COP, The 
minimum power input, the second -law efficiency and the exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The rate of heat absorbed from the bananas is 

Q l = me p (T x - T 2 ) = (1 140 kg/h)(3.35kJ/kg- 0 C)(28-12)°C = 61,1 00k J/h 


The COP is 


COP = 


Ql 

Win 


(61,100/3600) kW 
8.6 kW 


16.97 kW 
8.6 kW 


= 1 .97 


(b) Theminimum power input is equal to the exergy of the heat transferred from the low-temperature medium: 



= -Q 


L 


1- 


Tr 


T 


L J 


-(16.97 kW) 


1 


28 + 273^ 
20 + 273 , 


0.463kW 


where the dead state temperature is taken as the inlet temperature of the eggplants (To = 28°C) and the temperature of the 
low-temperature medium is taken as the average temperature of bananas T = (12+28)/2 = 20°C. 

(c) The second-law efficiency of the cycle is 


7h = 




^1 = 0.0539 = 5.39% 
8.6 


The exergy destruction is the difference between the exergy expended (power input) and the exergy recovered (the exergy of 
the heat transferred from the low- temperature medium): 

Ex dest =W in ~Ex Ql = 8.6 -0.463 = 8.1 4 kW 
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11-29 A vapor-compression refrigeration cycle is used to keep a space at a low temperature. The power input, the mass flow 
rate of water in the condenser, the second-law efficiency, and the exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The power input is 


W = 

rr in 


Q 


(24,000 Btu/h)( 


L 


lkW 


3412Btu/h 


COP 


2.05 


7.034 kW 
2.05 


3.431kW 


(b) From an energy balance on the cycle, 

q h =q l+ w in = 7.034 + 3.431 = 10.46 kW 


The mass flow rate of the water is then determined from 


Qh = me AT 


pw W 


->m — 


Q 


H 


10.46 kW 


c pw AT w (4.18 kJ/kg • °C)(12°C) 

(c) The exergy of the heat transferred from the low-temperature medium is 


= 0.2086kg/s 


Ex q l =-Ql 


1- 


Tn 


T 


= -(7.034 kW) 


LJ 


1 - 


20 + 273 
0 + 273 


\ 


J 


= 0.5153kW 


The second-law efficiency of the cycle is 
E x q l 0.5153 


Hu = 


w. 


in 


3.431 


= 0.1502-15.0% 


The exergy destruction is the difference between the exergy supplied (power input) and the exergy recovered (the exergy of 
the heat transferred from the low- temperature medium): 

£* dest =^m ~E x q l = 3.431 - 0.5153 = 2.91 6kW 

Alternative Solution 

The exergy efficiency can also be determined as follows: 


COP 


T 


L 


0 + 273 


R, Carnot 


T h -T l 20-0 


= 13.65 


nil = 


COP 


2.05 


COP R , Camot 13.65 


= 0.1502=15.0% 


The result is identical as expected. 
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11-30E A vapor-compression refrigeration cycle is used to keep a space at a low temperature. The mass flow rate of R-134a, 
the COP, the exergy destruction in each component, the second-law efficiency of the compressor, and the second-law 
efficienc and exergy destruction of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) The properties of R-134a are (Tables A-l IE through A-13E) 


Pi 

x \ 

Pi 

Pi 

Pi 

x 3 

h 4 

Pa 

h 4 


h = 102.74 Btu/lbm 


= 20psia 
= 1 

= 140psia 
= 160°F 
= 140psia 
= 0 

= h 3 =45.31 Btu/lbm 
= 20psia 
= 45.31 Btu/lbm 


4 

s l = 0.2257 Btu/lbm - R 

' h 2 =13 1.37 Btu/lbm 
s 2 = 0.2444 Btu/lbm - R 

h 3 =45.31 Btu/lbm 
s 3 =0.09215 Btu/lbm- R 


kv 4 =0.1001 Btu/lbm- R 



The energy interactions in each component and the mass flow rate of R-134a are 
w in =h 2 -h { =131.37 -102.74 = 28.63 Btu/lbm 


q H =h 2 -h 3 =131.37-45.31 = 86.06 Btu/lbm 


Ql =c 1h ~ w in = 86.06 - 28.63 = 57.43 Btu/lbm 


m = 



Vl 


(45,000/ 3600) Btu/s 
57.43 Btu/lbm 


= 0.21 771 bm/s 


The COP is 


COP = 




w 


in 


57.43 Btu/lbm 
28.63 Btu/lbm 


2.006 


(b) The exergy destruction in each component of the cycle is determined as follows: 
Compressor: 

j gen> 2 = s 2 - s i= 0.2444 - 0.2257 = 0.01874 Btu/lbm- R 


Eldest, 1-2 =mr 0 5gen,i.2 = (0.2177 lbm/s)(540 R)(0. 01 874 Btu/lbm- R) = 2. 203 Btu/s 


Condenser: 


r n - s s +SJL = (0.09215 - 0.2444) Btu/lbm- R + 86 06Btu/lbm = 0.007073 Btu/lbm- R 

gen,_-3 3 2 T H 540 R 

&dest, 2-3 = w7’() 1 s-gen,2.3 = (0.2177 lbm/s)(540R)(0. 007073 Btu/lbm- R) = 0.831 3Btu/s 
Expansion valve: 

s gen, 3-4 = s 4 — s 3 = 0. 1001 - 0.09215 = 0.007961 Btu/lbm- R 
Eldest, 3-4 = mT 0 s get n 5 3. 4 = (0.2177 lbm/s)(540R)(0. 007961 Btu/lbm- R) =0.9358Btu/s 
Evaporator: 

3- en 4-1 = -b -s 4 - — = (0.2257 - 0. 1001) Btu/lbm- R - 5? ' 43 Btu/lbm - 0.003400 Btu/lbm- R 
gc ' 1 4 T, 470 R 
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Eldest, 4-1 = gen , 4 -i = (0.2177 lbm/s)(540 R)(0. 003400 Btu/lbm- R) = 0.3996Btu/s 

The power input and the second-law efficiency of the compressor is determined from 
W [n = mw [n = (0.2177 lbm/s)(28.63 Btu/lbm) = 6.232 Btu/s 

EXd es t \-2 2.203 Btu/s iiA/i c ca "70/ 

r/ n = 1 ; — = 1 = 0.6465 = 64.7% 




in 


6.232 Btu/s 


(c) The exergy of the heat transferred from the low-temperature medium is 


Ex Q, = -Ql 


i-Z 

v T LJ 


= -(45000/ 3600 Btu/s) 1- 


540 


V 470 J 


= 1.862 Btu/s 


The second-law efficiency of the cycle is 
E x q l 1.862 Btu/s 


*7ii = 


W: 


in 


6.232 Btu/s 


= 0.2988 = 29.9% 


The total exergy destruction in the cycle is the difference between the exergy supplied (power input) and the exergy 
recovered (the exergy of the heat transferred from the low-temperature medium): 

Ex desuotai = ^in “ EXq l = 6-232 - 1.862 = 4. 370 Btu/s 

The total exergy destruction can also be determined by adding exergy destructions in each component: 

^dest, total ~-^dest,l-2 + ^*dest,2-3 + ^"dest,3-4 ^"dest,4-l 

= 2.203 + 0.8313 + 0.9358 + 0.3996 
= 4.370 Btu/s 

The result is the same as expected. 
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11-31 A vapor-compression refrigeration cycle is used to keep a space at a low temperature. The mass flow rate of R-134a, 
the COP, The exergy destruction in each component and the exergy efficiency of the compressor, the second -law efficiency, 
and the exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and 
potential energy changes are negligible. 

Analysis (a) The properties of R- 134a are (Tables A-l 1 through A- 13) 

h 2 = 278.28 kJ/kg 
^ = 0.9268 kJ/kg • K 

h 3 =117.79 kJ/kg 
’*3 =0.4245 kJ/kg -K 


P 2 =1.2 MPa 
T 2 =50°C 

P 3 =1.2 MPa 
x 3 =0 


The rate of heat transferred to the water is the energy change of the 
water from inlet to exit 



Qh =<c p (T w , 2 - T w i ) = (0. 13 kg/s)(4. 18 kJ/kg • °C)(28 - 20) °C = 4.347 kW 
The energy decrease of the refrigerant is equal to the energy increase of the water in the condenser. That is, 

Q h 4.347 kW 


Qh = m R (h 2 -h 3 ) 
The refrigeration load is 


+ m R = 


h 2 - h 3 (278.28 - 1 17.79) kJ/kg 


= 0.02709 kg/s 


q l =q h - w in = 4.347 - 1.9 = 2.447 kW = (2.447 kW)| 
The COP of the refrigerator is determined from its definition, 

= 1.29 


3412Btu/h 


\ 


lkW 


= 8350Btu/h 


J 


COp = ^ = 1447kW 


W: 


in 


1.9 kW 


( b ) The COP of a reversible refrigerator operating between the same temperature limits is 


COP, 


T 


L 


-5 + 273 


Carnot 


= 10.72 


T h - T l (20 + 273) - (-5 + 273) 

The minimum power input to the compressor for the same refrigeration load would be 

Q l 2.447 kW 


W: 


in, min 


= 0.2283kW 


COP Camot 10.72 
The second-law efficiency of the cycle is 


W: 


Pn = 


in, min 


W; 


in 


0.2283 

1.9 


= 0.120 = 12 . 0 % 


The total exergy destruction in the cycle is the difference between the actual and the minimum power inputs: 
^desuotai =W,„ -w in , mn =1.9 - 0.2283 = 1. 67kW 
(c) The entropy generation in the condenser is 


^gen^ond ^l w C p In 


Tw, 2 

T 

V 


+ m R (s 3 -s 2 ) 


28 + 273 


20 + 273 


= (0.13 kg/s)(4. 18 kJ/kg • °C)ln 
= 0.001032 kW/K 

The exergy destruction in the condenser is 

£*dest,cond =^gen,ond = (293 K)(0.001032kW/K) =0.303kW 


+ (0.02709 kg/s)(0.4245 - 0.9268) kJ/kg • K) 
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11-32 An ideal vapor-compression refrigeration cycle is used to keep a space at a low temperature. The cooling load, the 
COP, the exergy destruction in each component, the total exergy destruction, and the second-law efficiency are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The properties of R-134a are (Tables A-l 1 through A- 13) 


T x =-10°C 

X] = 1 


^2 “ ^sat@57.9 p C 


^2 “ s \ 

P 3 =1600 kPa 
x 3 = 0 


h x = 244.55 kJ/kg 
s x = 0.9378 kJ/kg • K 
= 1600 kPa 


h 2 =287.89 kJ/kg 


h 3 =135.96 kJ/kg 
s 3 = 0.4792 kJ/kg • K 


h 4 = /i 3 = 1 35.96 kJ/kg 


T 4 =-10°C 
h 4 =135.96 kJ/kg 


k = 0.5252 kJ/kg • K 



The energy interactions in the components and the COP are 
q L =h { -h 4 =244.55- 135.96 = 108.6kJ/kg 

q H =h 2 -h 3 =287.89 -135.96 = 151. 9kJ/kg 
w in =h 2 -h l =287.89 -244.55 = 43. 34 kJ/kg 
q L 108.6 kJ/kg 


COP = 


= 2.506 


w in 43.34 kJ/kg 

(b) The exergy destruction in each component of the cycle is determined as follows 
Compressor: 

^gen,l— 2 =s 2~ s l = 0 
^ x dest,l-2 = ^0 S gen, 1-2 = 0 


Condenser: 


5 3.3 = s 3 - s 2 + = (0.4792 - 0.9378) kJ/kg • K + 15L9kJ/k g = 0 .05 125 kJ/kg • K 

T ft 298 K 

£x des t, 2-3 = V gen ,2-3 = (298 K)(0.05125 kJ/kg • K) = 1 5.27kJ/kg 

Expansion valve: 

^gen,3-4 = ^4 - ^3 = 0.5252 - 0.4792 = 0.04595 kJ/kg • K 
Eldest, 3-4 = T 0 s genM = (298 K)(0. 04595 kJ/kg • K) = 1 3.69kJ/kg 
Evaporator: 

.y g en ,4-1 =s l -s A - — = (0.9378 - 0.5252) kJ/kg • K - 1Q8 - 6kJ/k g = 0.02202 kJ/kg • K 

T l 27 8 K 

Eldest, 41 = T 0 s geaM = (298 K)(0.02202 kJ/kg • K) = 6.56kJ/kg 

The total exergy destruction can be determined by adding exergy destructions in each component: 
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^'dest, total ^\iest,l-2 ^-dest,2-3 ^\lest,3-4 ^-^dest,4-l 

= 0 + 15.27 + 13.69 + 6.56 

= 35.52k J/kg 


(c) The exergy of the heat transferred from the low-temperature medium is 



= -4l 


1- 


Tn 


T 


= -(108.6 kJ/kg) 


L J 


1 


298 ^ 

278 , 


7.813 kJ/kg 


The second-law efficiency of the cycle is 


nn = 



w 


in 


7 813 

—— — = o. 180= 1 8 . 0 % 

43.34 


The total exergy destruction in the cycle can also be determined from 
£*dest, total = w in ~ Ex q L = 43.34 - 7.813 = 35.53kJ/kg 


The result is practically identical as expected. 

The second-law efficiency of the compressor is determined from 

_ ^recovered . +EV _ >[ /; 2 ~ h \ ~ T Q^2 ~ S \ >] 

U ' COmP ^expended +ct, in m(fl 2 “ k \ ) 

since the compression through the compressor is isentropic (s 2 = s{), the second-law efficiency is 

^HComp =1 = 1 00% 


The second-law efficiency of the evaporator is determined from 


nil, Evap 


^recovered _ Ql ^ 0 ^ L ) ^ L 

h[h 4 -h\ -T 0 (s 4 -•?,)] 


_ ^ ^dest,41 


^expended ^ 


*4-*l 


where 


x 4 - x x = h 4 - h x - T 0 (s 4 - s x ) 

= (135.96 - 244.55) kJ/kg - (298 K)(0.5252 - 0.9378) kJ/kg • K 
= 14.37 kJ/kg 


Substituting, 


nil, Evap ~ 1 


*dest,4-i , 6.56 kJ/kg 


= 1 - 


X 4 -x x 


14. 37 kJ/kg 


= 0.544 = 54.4% 
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11-33 An ideal vapor-compression refrigeration cycle uses ammonia as the refrigerant. The volume flow rate at the 
compressor inlet, the power input, the COP, the second-law efficiency and the total exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The properties of ammonia are given in problem statement. An energy balance on the cindenser gives 


q H =h l -h 4 = 1439.3 - 437.4 = 1361 kJ/kg 


m = 



y h 


18 kW 
1361 kJ/kg 


0.01323 kg/s 


The volume flow rate is determined from 


l>, = mv l = (0.01323 kg/s)(0.5946 m 3 /kg) 
= 0.007865 m 3 /s= 7.87 L/s 


(b) The power input and the COP are 

W in =m(Ji 2 —h 1 ) = (0.01323kg/s)(1798.3 — 1439. 3)kJ/kg = 4.75 kW 

Q, =m(h 1 -h 4 ) = (0.01323 kg/s)(1439.3-437.4)kJ/kg = 13.25kW 



COP = 




13.25 kW 0 , 0 

' 79 


(c) The exergy of the heat transferred from the low-temperature medium is 



= -Q 


L 


l- 7 * 


T 


LJ 


-(13.25 kW) 


1- 


300 ^ 
264 y 


1.81kW 


The second-law efficiency of the cycle is 
Ex~ 1 81 

/7 n =-^ = — = 0.381 = 38 . 1 % 

Win 4.75 

The total exergy destruction in the cycle is the difference between the exergy supplied (power input) and the exergy 
recovered (the exergy of the heat transferred from the low-temperature medium): 

&de S t, total - Ex Qi =4.75 - 1.81 = 2.94 kW 
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11-34 Prob. 11-33 is reconsidered. Using EES software, the problem is to be repeated ammonia, R-134a and R-22 is 

used as a refrigerant and the effects of evaporator and condenser pressures on the COP, the second-law efficiency and the 
total exergy destruction are to be investigated. 

Analysis The equations as written in EES are 


"GIVEN" 

P_1 =200 [kPa] 

P_2=2000 [kPa] 

Q_dot_H=18 [kW] 

T_L=(-9+273) [K] 

T_H=(27+273) [K] 

"PROPERTIES" 

Fluid$='ammonia' 

x_1 =1 

x_3=0 

h 1 =enthalpy(Fluid$, P=P_1, x=x_1) 

s_1=entropy(Fluid$, P=P_1, x=x_1) 
v_1=volume(Fluid$, P=P_1, x=x_1) 
h_2=enthalpy(Fluid$, P=P_2, s=s_1) 
s_2=s_1 

h_3=enthalpy(Fluid$, P=P_2, x=x_3) 
s_3=entropy(Fluid$, P=P_2, x=x_3) 
h_4=h_3 

s_4=entropy(Fluid$, P=P_1, h=h_4) 

q_H=h_2-h_3 
m_dot=Q_dot_H/q_H 
Vol_dot_1 =m_dot*v_1 
Q_dot_L=m_dot*(h_1 -h_4) 
W_dotJn=m_dot*(h_2-h_1 ) 
COP=Q_dot_L/W_dotJ n 
Ex_dot_QL=-Q_dot_L*(1 -T_H/T_L) 
eta_l I = Ex_dot_QL/W_dot _i n 
Ex dot dest=W dot in-Ex dot QL 


aa 


Equations Window 


"GIVEN" 

P_1 =200 [kPa] 

P_2=2000 [kPa] 

Q_dot_H=1 8 [kW] 

T_L=(-9+273) [K] 

T_H=(27+273) [K] 

"PROPERTIES" 

Fluid$='ammonia' 

xj =1 

x_3=0 

hj =enthalpy(Fluid$, P=P_1, x=x_1) 
s_1 =entropy(Fluid$, P=P_1, x=x_1) 
v_1 =volume(Fluid$, P=P_1, x=x_1) 
h_2 = e nth al py (FI u i d $, P= P_2, s = s_1 ) 
s_2=s_1 

h_3=enthalpy(Fluid$, P=P_2, x=x_3) 
s_3=entropy(Fluid$, P=P_2, x=x_3) 
h_4=h_3 

s_4=entropy(Fluid$, P=P_1, h=h_4) 



q_H=h_2-h_3 
m_d ot= Q_d ot_H/q_H 
Vol_dot_1 =m_dot*v_1 
Q_dot_L=m_dot*(h_1 -h_4) 

W_d ot_i n = m_d ot*(h_2-h_1 ) 

CO P= Q_d ot_L/vV_d ot_i n 
Ex_d ot_Q L=-Q_d ot_L*(1 -T_H/T_L) 
eta_l I = Ex_d ot_Q LAV_d ot_i n 
Ex_d ot_d e st= W_d ot _i n-Ex_d ot_Q L 


The solutions in the case of ammonia, R-134a and R-22 are 


1 §2 Solution 


.Jnjx 

Main 



Unit Settings: [kJ]/[C]/[kPa]/[kg]/[degrees] 


COP = 2.791 

T]|l = 0.3805 


Ex dest = 2.941 [kW] 

Ex QL = 1.807 [kW] 


Fluid$ = 'ammonia' 

hi = 1 439.25 [kJ/kg] 


h 2 = 1798.26 [kJ/kg] 

h 3 = 437.39 [kJ/kg] 


h 4 = 437.39 [kJ/kg] 

m = 0.01323 [kg/s] 


P-j = 200 [kPa] 

P 2 = 2000 [kPa] 


Q H = 1 8 [kW] 

Q l = 13.252 [kW] 


q H =1361 [kJ/kg] 

si = 5.8865 [kJ/kg-K] 


s 2 = 5.8865 [kJ/kg-K] 

s 3 = 1.7892 [kJ/kg-K] 


s 4 = 1.9469 [kJ/kg-K] 

T h = 300 [K] 


T l = 264 [K] 

Vol-, = 0.007865 [m 3 /s] 


v-| = 0.5946 [m 3 /kg] 

W in = 4.748 [kW] 


X 1 =1 

x 3 = 0 


No unit problems were detected. 



Calculation time = .0 sec 




^^^olutiori 


hJ x 

Main 

Unit Settings: [kJ]/[C]/[kPa]/[kg]/[degrees] 


COP =1.931 

r||| = 0.2633 


Ex des( = 4.524 [kW| 

Ex pL =1.617[kW] 


Fluid! ='R1 34a' 

^ = 244.46 [kJ/kg] 


h 2 = 292.46 [kJ/kg] 

h 3 = 151.76 [kJ/kg] 


h 4 = 151.76 [kJ/kg] 

m = 0.1279 [kg/s] 


P-| = 200 [kPa] 

P 2 = 2000 [kPa] 


Q H = 1 8 [kW] 

Q L = 1 1 .859 [kW] 


q H = 1 40.7 [kJ/kg] 

St = 0.9377 [kJ/kg-K] 


s 2 = 0.9377 [kJ/kg-K] 

s 3 = 0.5251 [kJ/kg-K] 


s 4 = 0.5854 [kJ/kg-K] 

T h = 300 [K] 


T l = 264 [K] 

Vol-, = 0.01 278 [m 3 /s] 


v, = 0.09987 [m 3 /kg] 

W jn = 6.1 41 [kW] 


X 1 =1 

x 3 = 0 


No unit problems were detected. 



Calculation time = .0 sec 
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bsf; 


.□X 

Main 

Unit Settings: [kJ]/[C]/[kPa]/[kg]/[degrees] 


COP = 2.1 64 

71h = 0.2951 


Ex de$t M.01 [kW] 

Ex QL = 1.679 [kW] 


Fluids = 'R22' 

h 1 = 394.67 [kJ/kg] 


h 2 = 454.51 [kJ/kg] 

h 3 = 265.1 7 [kJ/kg] 


h 4 = 265.1 7 [kJ/kg] 

m = 0.09507 [kg/s] 


P-j = 200 [kPa] 

P 2 = 2000 [kPa] 


Q H = 1 8 [kW] 

Q l =12.311 [kW] 


q H = 1 89.3 [kJ/kg] 

St = 1 .791 5 [kJ/kg-K] 


s 2 - 1 .791 5 [kJ/kg-K] 

s 3 = 1 .21 39 [kJ/kg-K] 


s 4 = 1 .2693 [kJ/kg-K] 

T h = 300 [K] 


T,_= 264 [K] 

Vo^ = 0.01068 [m 3 /s] 


v-, = 0.1 1 23 [m 3 /kg] 

W jn = 5.689 [kW] 


X 1 =1 

x 3 = 0 


No unit problems were detected. 



Calculation time = .0 sec 




Now, we investigate the effects of evaporating and condenser pressures on the COP, the second-law efficiency and the total 
exergy destruction. The results are given by tables and figures. 





100 150 200 250 300 350 400 


[kPa] 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



Ex dest [kW] COP Ex dest [kW] 


11-30 



P ! [kPa] 



P 2 [kPa] 



P 2 [kPa] 
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Selecting the Right Refrigerant 


11-31 


11-35C The desirable characteristics of a refrigerant are to have an evaporator pressure which is above the atmospheric 
pressure, and a condenser pressure which corresponds to a saturation temperature above the temperature of the cooling 
medium. Other desirable characteristics of a refrigerant include being nontoxic, noncorrosive, nonflammable, chemically 
stable, having a high enthalpy of vaporization (minimizes the mass flow rate) and, of course, being available at low cost. 


11-36C The minimum pressure that the refrigerant needs to be compressed to is the saturation pressure of the refrigerant at 
30°C, which is 0.771 MPa. At lower pressures, the refrigerant will have to condense at temperatures lower than the 
temperature of the surroundings, which cannot happen. 


11-37C Allowing a temperature difference of 10°C for effective heat transfer, the evaporation temperature of the refrigerant 
should be -20°C. The saturation pressure corresponding to -20°C is 0.133 MPa. Therefore, the recommended pressure 
would be 0.12 MPa. 


11-38 A refrigerator that operates on the ideal vapor-compression cycle with refrigerant- 134a is considered. Reasonable 
pressures for the evaporator and the condenser are to be selected. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis Allowing a temperature difference of 10°C for effective heat transfer, the evaporation and condensation 
temperatures of the refrigerant should be -20°C and 35 °C, respectively. The saturation pressures corresponding to these 
temperatures are 0.133 MPa and 0.888 MPa. Therefore, the recommended evaporator and condenser pressures are 0.133 
MPa and 0.888 MPa, respectively. 


11-39 A heat pump that operates on the ideal vapor-compression cycle with refrigerant- 134a is considered. Reasonable 
pressures for the evaporator and the condenser are to be selected. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis Allowing a temperature difference of 10°C for effective heat transfer, the evaporation and condensation 
temperatures of the refrigerant should be 4°C and 36°C, respectively. The saturation pressures corresponding to these 
temperatures are 338 kPa and 912 kPa. Therefore, the recommended evaporator and condenser pressures are 338 kPa and 
912 kPa, respectively. 
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Heat Pump Systems 


11-40C A heat pump system is more cost effective in Miami because of the low heating loads and high cooling loads at that 
location. 


11-41C A water-source heat pump extracts heat from water instead of air. Water-source heat pumps have higher COPs than 
the air- source systems because the temperature of water is higher than the temperature of air in winter. 


11-42 A heat pump that operates on the ideal vapor-compression cycle with refrigerant- 1 34a is considered. The power input 
to the heat pump is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A- 12 and A- 13), 


P x = 320 kPaUi =/*s@320kPa= 251.93 kJ/kg 
sat. vapor f s x = s ^ @ 32 okPa = 0-93026 kJ/kg • K 


P 2 =IA MPa 

^2 “ ^1 


h 2 =282.60 kJ/kg 


P 3 =1.4 MPa 
sat. liquid 


| h 3 — hj @ i 4 MPa — 127.25 kJ/kg 


h 4 = h 3 = 127.25 kJ/kg (throttling) 


The heating load of this heat pump is determined from 

Qh = ME ~ T l Later 

= (0. 12kg/sX4 . 18 kJ/kg • ° c )( 45 - 15)°C 
= 15.05 kW 

and 



Then, 



Qh 

y h 


Qh 

h 2 - h 3 


15.05 kJ/s 

(282.60 -127.25) kJ/kg 


0.09686 kg/s 


W in = m R (h 2 -h 1 )= (0.09686 kg/sX282.60 - 25 1 .93) kJ/kg = 2.97 kW 
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11-43 A geothermal heat pump is considered. The degrees of subcooling done on the refrigerant in the condenser, the mass 
flow rate of the refrigerant, the heating load, the COP of the heat pump, the minimum power input are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the refrigerant- 134a tables (Tables A-l 1 through A- 13) 

^ Qn 


t 4 = 20°c 

x 4 = 0.23 


P 4 = 572.1kPa 
h 4 = 121.25 kJ/kg 


h 3 =h 4 =121.25 kJ/kg 




Condenser 


P x = 572.1kPa 


h x =261.64 kJ/kg 
s x =0.9225 kJ/kg 


h 2 =280.05 kJ/kg 


x x =1 (sat. vap.) 

P 2 = 1400 kPa 
^2 “ ^1 

From the steam tables (Table A-4) 

K\ ~ hf @ 5 o°c = 209.34 kJ/kg 
h w 2 ~hf@ 4o°c = 167.53 kJ/kg 

The saturation temperature at the condenser pressure of 
1400 kPa and the actual temperature at the condenser 
outlet are 

^sat @ 1400kPa = 52.40°C 


X 


1.4 MPa 

2 -+ S 2 = s l 


Expansion 

valve 


Compressor 


4 


20°C 

x=0.23 


Evaporator 


Water 

50°C 




in 


sat. vap. 


4 - 40°C 


P 3 = 1400 kPa 


T 3 =48.58°C (from EES) 


h 3 =121.25 kJ/kg 

Then, the degrees of subcooling is 

A7; ubcool = 7; al -T 3 =52.40- 48.58 = 3.82°C 
( b ) The rate of heat absorbed from the geothermal water in the evaporator is 

q l =m w (h wl ~ h w 2 ) = (0.065 kg/s)(209.34 — 167. 53) kJ/kg = 2.718 kW 
This heat is absorbed by the refrigerant in the evaporator 
Q l 2.718 kW 



m R = 


h x ~ h 4 


= 0.01936kg/s 


(261.64- 12 1.25)kJ/kg 

(c) The power input to the compressor, the heating load and the COP are 

W [n —rn R (h 2 —h x ) + Q out = (0.01936 kg/s)(280.05 — 261 .64)kJ/kg = 0.6563 kW 

Q h =m R (h 2 —h 3 ) = (0.01936 kg/s)(280.05 — 121. 25)kJ/kg = 3.074kW 

Q h 3.074 kW , 

COP = ^- = = 4.68 

W in 0.6563kW 

(d) The reversible COP of the cycle is 

1 1 


COP rev = 


I-Tl/Th 1 - (25 + 273) /(50 + 273) 

The corresponding minimum power input is 

Q h 3.074 kW 


= 12.92 


Wi 


in, min 


COP 


rev 


12.92 


= 0.238kW 
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11-44 An actual heat pump cycle with R-134a as the refrigerant is considered. The isentropic efficiency of the compressor, 
the rate of heat supplied to the heated room, the COP of the heat pump, and the COP and the rate of heat supplied to the 
heated room if this heat pump operated on the ideal vapor-compression cycle between the same pressure limits are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis {a) The properties of refrigerant- 1 34a are (Tables A-l 1 through A- 13) 

P 2 = 800 kPa 


h 2 = 286.7 lkJ/kg 


T 2 =50°C 
^3 = ^sat@750kPa = 29.06°C 


P 3 = 750kPa 


T 3 = (29.06 - 3)°C 
h 4 =h 3 =87.93 kJ/kg 
^sat@200kPa = “10.09°C 


h 3 =87.93 kJ/kg 


P x = 200 kPa 
T x = (-10.09 + 4)°C 

P 2 = 800 kPa 


h x =247.88 kJ/kg 
's l -0.9507 kJ/kg 


s — s , 


h 2s = 277.28 


750 kPa 




<2h 


Condenser 


800 kPa 
50°C 


2 


X* 


Expansion 

valve 


Compressor 


4 


Evaporator 

"A 


Ql 


Wi, 


The isentropic efficiency of the compressor is 
h 2s - h A 277.28 - 247.88 


r lc = 


= 0.757 


h 2 - h A 286.71-247.88 

( b ) The rate of heat supplied to the room is 

Q h = m(h 2 -h 3 ) = (0.022 kg/s)(286.71 - 87.93)kJ/kg = 4.373kW 

(c) The power input and the COP are 

W in =m(h 2 —h 1 ) = (0.022 kg/s)(286.7 1 - 247.88)kJ/kg = 0.8542 kW 

COP = 4^- = 4373 =5.12 
W, n 0.8542 



(d) The ideal vapor-compression cycle analysis of the cycle is as follows: 
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11-45E A heat pump that operates on the ideal vapor-compression cycle with refrigerant- 134a is considered. The power 
input to the heat pump and the electric power saved by using a heat pump instead of a resistance heater are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-12E and A-13E), 


P { = 50 psia 1 h x = h g @ 50psia = 108.83 Btu/lbm 
sat. vapor [ s x = s g @ 5o ps ia = 0-22192 Btu/lbm - R 


P 2 =120 psia 


So — s i 


h 2 =116.64 Btu/lbm 


sl'llquT” ~ h ' « - 41J9 BlU,lbm 

h 4 =h 3 = 41.79 Btu/lbm (throttling) 


The mass flow rate of the refrigerant and the power input to the 
compressor are determined from 


House 


3 / 120 psia 


50 psia 


Q h _ Q h _ 60,000/3600 Btu/s 

q H ~ h 2 -h 3 ~ (116.64- 41.79) Btu/lbm 


= 0.2227 lbm/s 


W in =m(h 2 -h 1 ) = ( 0.2227 kg/s)(l 16.64 -108. 83) Btu/lbm 
= 1.739 Btu/s = 2.46 hp since lhp = 0.7068 Btu/s 


The electrical power required without the heat pump is 


Thus, 


W e =Q H = (60,000/3600 Btu/s 


W™*=W e -W- m =23.58-2.46 


lhp 

0.7068 Btu/s 


= 23.58 hp 


= 21.1 hp = 15.75 kW since lhp = 0.7457 kW 
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11-46 A heat pump with refrigerant- 134a as the working fluid heats a house by using underground water as the heat source. 
The power input to the heat pump, the rate of heat absorption from the water, and the increase in electric power input if an 
electric resistance heater is used instead of a heat pump are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( a ) From the refrigerant tables (Tables A- 12 and A- 13), 

P\ = 280 kPa 1 

T =o°c p = 250 - 85kJ/k g 


P 2 =1.0 MPa 1 
T 2 = 60°C J 


h 2 = 293.40 kJ/kg 


P 3 = 1.0 MPa 1 _ _ Q , , Q1T/I 

' - 30 °r P = @ 3o°c _ 93.58 kJ/kg 


J 


t 3 = 30°c 
h 4 = h 3 = 93.58 kJ/kg (throttling) 

The mass flow rate of the refrigerant is 

Q h Q h 60,000/3,600 kJ/s 


m R = 


= 0.08341 kg/s 


q H h 2 -h 3 (293.40 -93.58) kJ/kg 

Then the power input to the compressor becomes 

W, n = m(h 2 -h 1 )= (o. 0834 1 kg/s)(293 . 40 - 250. 85) kJ/kg = 3.55 kW 



( b ) The rate of hat absorption from the water is 

Q l = m(h { —h 4 )= (0.08341 kg/s)(250. 85 - 93.58) kJ/kg = 13.12 kW 

(c) The electrical power required without the heat pump is 

W e = Q h = 60,000/3600 kJ/s = 16.67 kW 

Thus, 

^increase ~W m = 16.67 - 3.55 = 13.12 kW 
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11-47 mt(m Problem 11-46 is reconsidered. The effect of the compressor isentropic efficiency on the power input to the 
compressor and the electric power saved by using a heat pump rather than electric resistance heating is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

"Input Data is supplied in the diagram window" 

"P[1]=280 [kPa] 

T[1] = 0 [C] 

P[2] = 1000 [kPa] 

T[3] = 30 [C] 

Q_dot_out = 60000 [kJ/h] 

Eta_c=1.0 
Fluid$- R134a'" 

"Use ETA_c = 0.623 to obtain T[2] = 60C" 

"Compressor" 

h[1]=enthalpy(Fluid$,P=P[1],T=T[1]) "properties for state 1" 
s[1]=entropy(Fluid$,P=P[1],T=T[1]) 

h2s=enthalpy(Fluid$,P=P[2],s=s[1]) "Identifies state 2s as isentropic" 
h[1]+Wcs=h2s "energy balance on isentropic compressor" 
Wc=Wcs/Eta_c"definition of compressor isentropic efficiency" 
h[1]+Wc=h[2] "energy balance on real compressor-assumed adiabatic" 
s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2" 
{h[2]=enthalpy(Fluid$,P=P[2],T=T[2]) } 
T[2]=temperature(Fluid$ l h=h[2],P=P[2]) 

Wd ot_c= m_d ot* Wc 

"Condenser" 

P[3] = P[2] 

h[3]=enthalpy(Fluid$,P=P[3],T=T[3]) "properties for state 3" 
s[3]=entropy(Fluid$,P=P[3],T=T[3]) 
h[2]=Qout+h[3] "energy balance on condenser" 
Q_dot_out*convert(kJ/h,kJ/s)=m_dot*Qout 

"Throttle Valve" 

h[4]=h[3] "energy balance on throttle - isenthalpic" 
x[4]=quality(Fluid$,h=h[4],P=P[4]) "properties for state 4" 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) 
T[4]=temperature(Fluid$,h=h[4],P=P[4]) 

"Evaporator" 

P[4]= P[1] 

QJn + h[4]=h[1] "energy balance on evaporator" 

Q_dot_in=m_dot*Q_in 

COP=Q_dot_out*convert(kJ/h,kJ/s)/W_dot_c "definition of COP" 
COP_plot = COP 
Wdotin = Wdotc 

E_dot_saved = Q_dot_out*convert(kJ/h,kJ/s) - W_dot_c"[kW]" 
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saved [kW] 
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Win [kW] 

He 


3.671 

0.6 

13 

3.249 

0.7 

13.42 

2.914 

0.8 

13.75 

2.641 

0.9 

14.03 

2.415 

1 

14.25 



TIC 



TIC 
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Innovative Refrigeration Systems 


11-39 


11-48C Cascade refrigeration systems have higher COPs than the ordinary refrigeration systems operating between the same 
pressure limits. 


11-49C The saturation pressure of refrigerant- 134a at -32°C is 77 kPa, which is below the atmospheric pressure. In reality 
a pressure below this value should be used. Therefore, a cascade refrigeration system with a different refrigerant at the 
bottoming cycle is recommended in this case. 


11-50C We would favor the two -stage compression refrigeration system with a flash chamber since it is simpler, cheaper, 
and has better heat transfer characteristics. 


11 -5 1C Yes, by expanding the refrigerant in stages in several throttling devices. 


11-52C To take advantage of the cooling effect by throttling from high pressures to low pressures. 
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11-53 A two-stage compression refrigeration system with refrigerant- 134a as the working fluid is 
fraction of the refrigerant that evaporates as it is throttled to the flash chamber, the rate of heat removed 
space, and the COP are to be determined. 


considered. The 
from the refrigerated 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The flash 
chamber is adiabatic. 


Analysis (a) The enthalpies of the refrigerant at several states are determined from the refrigerant tables (Tables A-l 1, A- 12, 
and A- 13) to be 


h v = 234.46 kJ/kg, 
h 3 = 255.61kJ/kg, 
h 5 =127.25 kJ/kg, 
h 7 =63.92 kJ/kg, 


h 2 = 262.70 kJ/kg 

h 6 = 127.25 kJ/kg 
h s = 63.92 kJ/kg 


The fraction of the refrigerant that evaporates as it is 
throttled to the flash chamber is simply the quality at 
state 6, 


*6 = 


K ~ h f 


h 


fg 


127.25-63.92 

191.68 


0.3304 



( b ) The enthalpy at state 9 is determined from an energy balance on the mixing chamber: 

p. - p - A p (steady) _ q 

^in ^out — system — u 

^in = ^out 

^m e h e = ^ m , h , 

0)^9 = x 6 h 3 + 0 “ *6 ) h 2 

hg = (0.3304X255.61)+ (l - 0.3304)(262.70) = 260.35 kJ/kg 


Also, 


P 9 = 0.4 MPa 
h 9 = 260.35 kJ/kg 


s 9 = 0.9438 kJ/kg -K 


P 4 =1.4 MPa 


= 0.9438 kJ/kg • K 


h 4 =287.10 kJ/kg 


Then the rate of heat removed from the refrigerated space and the compressor work input per unit mass of refrigerant 
flowing through the condenser are 

m B = (l - x 6 )m A = (l - 0.3304)(0.25 kg/s) = 0. 1674 kg/s 

Q l = m B {h t -h s )= (0. 1674 kg/sX234.46 - 63.92) kJ/kg = 28.55 kW 

^in = ^compUn + ^conpain = > h A ( h 4 ~ h 9 ) + >" B i h 2 ~ h \ ) 

= (0.25 kg/s)(287. 10-260.35) kJ/kg + (0. 1674 kg/s)(262.70 - 234. 46) kJ/kg 
= 11.41 kW 


(c) The coefficient of performance is determined from 


cop r =-Ql- 

w 

T net^n 


28.55 kW 
11.41kW 


2.50 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


11-41 


11-54 A two-stage compression refrigeration system with refrigerant- 134a as the working fluid is considered. The fraction 
of the refrigerant that evaporates as it is throttled to the flash chamber, the rate of heat removed from the refrigerated space, 
and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The flash 
chamber is adiabatic. 


Analysis (a) The enthalpies of the refrigerant at several states are determined from the refrigerant tables (Tables A- 1 1, A- 12, 
and A- 13) to be 


h x = 234.46 kJ/kg, h 2 = 27 1 .42 kJ/kg 
h 3 = 262.46 kJ/kg, 

h 5 = 127.25 kJ/kg, h 6 = 127.25 kJ/kg 
h 7 =81.50 kJ/kg, /i 8 =81.50 kJ/kg 

The fraction of the refrigerant that evaporates as it is 
throttled to the flash chamber is simply the quality at 
state 6, 

K - h f i?7 25-81 50 
= — f - = - - = 0.2528 

h fg 180.95 

(b) The enthalpy at state 9 is determined from an energy 
balance on the mixing chamber: 



E - E - A F (steady) _ Q 

— LAL^ S y ste[T | — u 


'in 


'out 

iL =E 


in 


out 


Y j m e h e=Yj ,h ' h i 

(l )h 9 = x 6 h 3 +(l-x 6 )h 2 

h 9 = (0.2528)(262.46)+ (l - 0.2528)(271.42) = 269.15 kJ/kg 


P9 

h 9 


0.6 MPa 
269.15 kJ/kg 


>St 


= 0.9444 kJ/kg • K 


Also, 


P4 

s 4 


= 1.4 MPa 

= s 9 = 0.9444 kJ/kg • K 


\h 4 =287.31 kJ/kg 


Then the rate of heat removed from the refrigerated space and the compressor work input per unit mass of refrigerant 
flowing through the condenser are 

m H = (l - x 6 )m A =(l - 0.2528 )(0.25 kg/s) = 0. 1868 kg/s 
q l =rh B (h l -h s )= (0. 1868 kg/sX234.46- 81.50) kJ/kg = 28.57 kW 

^in = ^complin + 'CrnpTI.m = m A ( h 4 ~ h g)+ m B ( h 2 ~ h \ ) 

= (0.25 kg/s)(287.31 - 269. 15) kJ/kg + ( 0 . 1868 kg/s)(271.42 - 234.46)kJ/kg 
= 1 1 . 44 kW 


(c) The coefficient of performance is determined from 


COP R = 



w. 


net,in 


28.57 kW 
11.44 kW 


2.50 
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11-55 



Problem 11-53 is reconsidered. The effects of the various refrigerants in EES data bank for compressor 


efficiencies of 80, 90, and 100 percent is to be investigated. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Fluid$='R134a' 

"Input Data" 

P[1]=1 00 [kPa] 

P[4] = 1400 [kPa] 

P[6]=400 [kPa] 

"Eta_comp =1 .0" 
m_dot_A=0.25 [kg/s] 

"High Pressure Compressor A" 

P[9]=P[6] 

h4s=enthalpy(Fluid$,P=P[4],s=s[9]) "State 4s is the isentropic value of state 4" 
h[9]+w_compAs=h4s "energy balance on isentropic compressor" 

w_compA=w_compAs/Eta_comp"definition of compressor isentropic efficiency" 
h[9]+w_compA=h[4] "energy balance on real compressor-assumed adiabatic" 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) "properties for state 4" 
T[4]=temperature(Fluid$,h=h[4],P=P[4]) 

W_dot_compA=m_dot_A*w_compA 

"Condenser" 

P[5]=P[4] "neglect pressure drops across condenser" 

T[5]=temperature(Fluid$,P=P[5],x=0) "properties for state 5, assumes sat. liq. at cond. exit" 
h[5]=enthalpy(Fluid$,T=T[5],x=0) "properties for state 5" 
s[5]=entropy(Fluid$,T=T[5],x=0) 
h[4]=q_H+h[5] "energy balance on condenser" 

Q_dot_H = m_dot_A*q_H 


"Throttle Valve A" 

h[6]=h[5] "energy balance on throttle - isenthalpic" 
x6=quality(Fluid$,h=h[6],P=P[6]) "properties for state 6" 
s[6]=entropy(Fluid$,h=h[6],P=P[6]) 
T[6]=temperature(Fluid$,h=h[6],P=P[6]) 

"Flash Chamber" 
m_dot_B = (1 -x6) * m_dot_A 
P[7] = P[6] 

h[7]=enthalpy(Fluid$, P=P[7], x=0) 
s[7]=entropy(Fluid$,h=h[7],P=P[7]) 
T[7]=temperature(Fluid$,h=h[7],P=P[7]) 

"Mixing Chamber" 

x6*m_dot_A*h[3] + m_dot_B*h[2] =(x6* m_dot_A + m_dot_B)*h[9] 
P[3] = P[6] 

h[3]=enthalpy(Fluid$, P=P[3], x=1) "properties for state 3" 
s[3]=entropy(Fluid$,P=P[3],x=1) 
T[3]=temperature(Fluid$,P=P[3],x=x1) 
s[9]=entropy(Fluid$,h=h[9],P=P[9]) "properties for state 9" 
T[9]=temperature(Fluid$,h=h[9],P=P[9]) 

"Low Pressure Compressor B" 

xl =1 "assume flow to compressor inlet to be saturated vapor" 
h[1]=enthalpy(Fluid$,P=P[1],x=x1) "properties for state 1" 

T[1 ]=temperature(Fluid$,P=P[1 ], x=x1 ) 
s[1]=entropy(Fluid$,P=P[1],x=x1) 
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P[2]=P[6] 

h2s=enthalpy(Fluid$,P=P[2],s=s[1]) " state 2s is isentropic state at comp, exit" 
h[1]+w_compBs=h2s "energy balance on isentropic compressor" 

w_compB=w_compBs/Eta_comp"definition of compressor isentropic efficiency" 
h[1]+w_compB=h[2] "energy balance on real compressor-assumed adiabatic" 
s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2" 
T[2]=temperature(Fluid$,h=h[2],P=P[2]) 

W_d ot_co m p B= m_do t_B* w_co m p B 

"Throttle Valve B" 

h[8]=h[7] "energy balance on throttle - isenthalpic" 
x8=quality(Fluid$,h=h[8],P=P[8]) "properties for state 8" 
s[8]=entropy(Fluid$,h=h[8],P=P[8]) 

T[8]=temperature(Fluid$,h=h[8],P=P[8]) 

"Evaporator" 

P[8]=P[1] "neglect pressure drop across evaporator" 
q_L + h[8]=h[1] "energy balance on evaporator" 

Q_dot_L=m_dot_B*q_L 


"Cycle Statistics" 

W_dot_in_total = W_dot_compA + W_dot_compB 
COP=Q dot L/W dot in total "definition of COP" 


ncomp 

Ql [kWl 

COP 

0.6 

28.55 

1.438 

0.65 

28.55 

1.57 

0.7 

28.55 

1.702 

0.75 

28.55 

1.835 

0.8 

28.55 

1.968 

0.85 

28.55 

2.101 

0.9 

28.55 

2.235 

0.95 

28.55 

2.368 

1 

28.55 

2.502 
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^comp 
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11-56 A two-stage cascade refrigeration system is considered. Each stage operates on the ideal vapor-compression cycle 
with refrigerant- 1 34a as the working fluid. The mass flow rate of refrigerant through the lower cycle, the rate of heat 
removal from the refrigerated space, the power input to the compressor, and the COP of this cascade refrigerator are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The heat 
exchanger is adiabatic. 

Analysis (a) Each stage of the cascade refrigeration cycle is said to operate on the ideal vapor compression refrigeration 
cycle. Thus the compression process is isentropic, and the refrigerant enters the compressor as a saturated vapor at the 
evaporator pressure. Also, the refrigerant leaves the condenser as a saturated liquid at the condenser pressure. The 
enthalpies of the refrigerant at all 8 states are determined from the refrigerant tables (Tables A-l 1, A- 12, and A- 13) to be 


h x = 239.19 kJ/kg, 
h 3 =63.92 kJ/kg, 
h 5 =255.61 kJ/kg, 
h 7 =95.48 kJ/kg, 


h 2 = 260.61 kJ/kg 
h 4 = 63.92 kJ/kg 
h 6 = 269.96 kJ/kg 
h % =95.48 kJ/kg 


The mass flow rate of the refrigerant through the lower cycle is 
determined from an energy balance on the heat exchanger: 


m 


E - E - A F <^0 (steady) _ a 

^in ^out — system “ u 

= ^out 

h A {h 5 -h s ) = m B (h 2 -h 3 ) 



m B = ks h 8 m A - ~~~ — (0.24 kg/s) = 0.1954 kg/s 


h 2 - h 3 


260.61-63.92 


( b ) The rate of heat removed by a cascade cycle is the rate of heat absorption in the evaporator of the lowest stage. The 
power input to a cascade cycle is the sum of the power inputs to all of the compressors: 

Q, = m B (/zj - /z 4 )= (o. 1954kg/s)(239. 19- 63.92) kJ/kg = 34.25 kW 

^in = ^complin + ^complin = m A ( h 6 ~ h 5 ) + i h 2 ~ h \ ) 

= (0.24 kg/s)(269.96- 255.61) kJ/kg + (o. 1954 kg/s)(260.61- 239. 19) kJ/kg 

= 7.631 kW 


(c) The COP of this refrigeration system is determined from its definition, 


cop r = 

W 

rr net, in 


34.25 kW 
7.63 lkW 


= 4.488 
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11-57 A two-stage cascade refrigeration system is considered. Each stage operates on the ideal vapor-compression cycle 
with refrigerant- 1 34a as the working fluid. The mass flow rate of refrigerant through the lower cycle, the rate of heat 
removal from the refrigerated space, the power input to the compressor, and the COP of this cascade refrigerator are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The heat 
exchanger is adiabatic. 

Analysis ( a ) Each stage of the cascade refrigeration cycle is said to operate on the ideal vapor compression refrigeration 
cycle. Thus the compression process is isentropic, and the refrigerant enters the compressor as a saturated vapor at the 
evaporator pressure. Also, the refrigerant leaves the condenser as a saturated liquid at the condenser pressure. The 
enthalpies of the refrigerant at all 8 states are determined from the refrigerant tables (Tables A-l 1, A- 12, and A- 13) to be 


h x = 239. 19 kJ/kg, h 2 = 267.37 kJ/kg 
h 3 = 77.54 kJ/kg, h 4 = 77.54 kJ/kg 
h 5 = 260.98 kJ/kg, h 6 = 268.71 kJ/kg 
hj = 95.48 kJ/kg, h s = 95.48 kJ/kg 


The mass flow rate of the refrigerant through the lower cycle is 
determined from an energy balance on the heat exchanger: 


m 


p. _ p - AF ^0 (steady) _ q 

^in ^out — system “ u 

E m = Eout 

Y^ Th e h e=^ fh i h i 

h A( h 5 ~h)= lj H{ h 2 ~ h ?>) 



m B = 


^5 ^8 

h 2 - h 3 


m A = 


260.98-95.48 

267.37-77.54 


(0.24 kg/s) = 0.2092 kg/s 


(b) The rate of heat removed by a cascade cycle is the rate of heat absorption in the evaporator of the lowest stage. The 
power input to a cascade cycle is the sum of the power inputs to all of the compressors: 

Q l = m B (/Zj -h 4 )= (0.2092 kg/s)(239. 19 - 77.54) kJ/kg = 33.82 kW 

^in = ^complin + ^complin = m A ( h 6 ~ h 5 ) + ,h B i h 2 ~ h l ) 

= (0.24 kg/s)(268.71 - 260.98) kJ/kg + (0.2092 kg/s)(267.37 - 239. 19)kJ/kg 

= 7.752 kW 


(c) The COP of this refrigeration system is determined from its definition, 


COP R 


Q 


L 


w. 


net^n 


33.82 kW . 

= 4.doJ 

7.752 kW 
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11-58 A two-stage cascade refrigeration cycle is considered. The mass flow rate of the refrigerant through the upper cycle, 
the rate of heat removal from the refrigerated space, and the COP of the refrigerator are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) The properties are to be obtained from the refrigerant tables (Tables A-l 1 through A- 13): 


\ ~ hg@ i60kPa “ 241.14 kJ/kg 
- s g @ i60kPa “ 0-9420 kJ/kg. K 


P 2 = 500 kPa 
^2 “ s \ 


h 2s = 264.55 kJ/kg 


Vc = 


0.80 = 


h 2s - h \ 

h 2 -h x 

264.55-241.14 
h 2 -241.14 


*h 2 =270.41 kJ/kg 


h 3 -hf@ sookPa -73.32 kJ/kg 
h 4 = h 3 =73.32 kJ/kg 

^5 = h g @ 400 kPa = 255.61 kJ/kg 
^5 = s g@ 400 kPa =0.9271 kJ/kg. K 


P 6 = 1400 kPa 


^6 = 
Vc = 
0.80 = 


h 6s =28 1.56 kJ/kg 


h 6s ~ h 5 
K ~ h 5 

281.56-255.61 
h 6 - 255.61 


+ h 6 =288.04 kJ/kg 



^7 ~hf@ MOOkPa -127.25 kJ/kg 
h s =h 7 =127.25 kJ/kg 


The mass flow rate of the refrigerant through the upper cycle is determined from an energy balance on the heat exchanger 


iii A (h 5 - h s ) = m B (h 2 ~ h 3 ) 

m A (255.61- 127. 25)kJ/kg = (0.1 1 kg/s)(270.41 - 73.32)kJ/kg >m A =0.1 689kg/s 

( b ) The rate of heat removal from the refrigerated space is 

q l =m B (h l -h 4 ) = (0.11kg/s)(241.14-73.32)kJ/kg = 18.46kW 

(c) The power input and the COP are 

W in = m A (h 6 -h 5 ) + tii B (h 2 - h x ) 

= (0. 1 1 kg/s)(288.04 - 255.61)kJ/kg + (0.1689 kg/s)(270.41 - 241. 14)kJ/kg 
= 8.698 kW 


COP = 




18.46 

8.698 


= 2.12 
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11-59 A two-stage cascade refrigeration cycle with a flash chamber is considered. The mass flow rate of the refrigerant 
through the high-pressure compressor, the rate of heat removal from the refrigerated space, the COP of the refrigerator, and 
the rate of heat removal and the COP if this refrigerator operated on a single-stage cycle between the same pressure limits 
are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis {a) The properties are to be obtained from the refrigerant tables (Tables A-l 1 through A- 13): 


h\ -h g @ 200 kPa ~~ 244.50 kJ/kg 
“ s g @ 200 kPa = 0.9379 kJ/kg. K 


P 2 = 450 kPa 
^2 ~ ^1 


\h 2s = 261.13 kJ/kg 


tic = 
0.80 = 


h 2s - h \ 

h 2 - h x 

261.13-244.50 
h 2 - 244.50 


» h 2 = 265.28 kJ/kg 


h 2 — hg@ 450kPa ~~ 257 .58 kJ/kg 

h 5 = hj ? @ i2ookPa =117.79 kJ/kg 
h 6 =h 5 =117.79 kJ/kg 

= hf@ 450kPa = 68.80 kJ/kg 
h % =h 7 =68.810 kJ/kg 


K 

Pe 


= 117.79 kJ/kg 
= 450 kPa 



= 0.2595 


The mass flow rate of the refrigerant through the 
high pressure compressor is determined from a 
mass balance on the flash chamber 


m = 


m 7 

l-x 6 


0.15 kg/s 
1-0.2595 


0.2026kg/s 



Also, 

m 3 = m - m 7 = 0.2026 - 0. 15 = 0.05257 kg/s 
( b ) The enthalpy at state 9 is determined from an energy balance on the mixing chamber: 
mh 9 = m 7 h 2 + m 3 /z 3 

(0.2026 kg/s )h 9 = (0. 15 kg/s)(265.28 kJ/kg) + (0.05257 kg/s)(257.58 kJ/kg) >h 9 = 263.28 kJ/kg 


Then, 


P 9 =450kPa 
h 9 = 263.28 kJ/kg 


= 0.9453 kJ/kg 


P 4 = 1200 kP a 


S A — S( 


h 4s = 284.32 kJ/kg 


tic = 
0.80 = 


K s ~ h 9 

h 4 - h 9 

284.32-263.28 


h 4 - 263.28 


>/r 4 = 289.57 kJ/kg 
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The rate of heat removal from the refrigerated space is 
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Q l =m 1 (h ] -/i 8 ) = (0.15kg/s)(244.50-68.80)kJ/kg = 26.35kW 
(c) The power input and the COP are 

W [n = '^ 7 (h 2 -h x ) + m(h A - h 9 ) 

= (0. 15 kg/s)(265.28 - 244.50)kJ/kg + (0.2026 kg/s)(289.57 - 263.28)kJ/kg 
= 8.444 kW 


COP = 


Ql 

^in 


26.35 

8.444 


(d) If this refrigerator operated on a single-stage cycle between the same pressure limits, we would have 


h\ -h g@ 200 kp a _ 244.50 kJ/kg 
s \ ” s g @ 200 kPa = 0-9379 kJ/kg. K 


P 2 =1200kPa 
S 2 ~ ^1 


\h 2s =281.88 kJ/kg 


dc = 
0.80 = 


h 2s ~ h \ 

h 2 - h x 

281.88-244.50 
h 2 - 244.50 


» h 2 =291 .23 kJ/kg 


^3 -hf@ 1200kPa -117.79 kJ/kg 
h 4 =h 3 =117.79 kJ/kg 



Ql = m{h\ 
W in =m(h 2 

COP = ^- 

w 

rr in 


h 4 ) = (0.2026 kg/s)(244.50 - 1 17.79)kJ/kg = 25.67kW 

-h x ) = (0.2026 kg/s)(291.23 - 244.50)kJ/kg = 9.467 kW 

25457 _ 2 71 
9.467 
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11-60 A two-evaporator compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The 
cooling rate of the high-temperature evaporator, the power required by the compressor, and the COP of the system are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 




Analysis From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 


P 3 = 800 kPa 
sat. liquid 


^3 ~ hf @ sookPa _ 95.48 kJ/kg 


h 4 = h 6 = h 3 = 95.48 kJ/kg (throttling) 


t 5 = o°c 


sat. vapor 
T 7 = -26.4°C 


h 5 =h g @ 0 o C = 250.50 kJ/kg 


h l = h s 


- 26 . 4 °c = 234.44 kJ/kg 


sat. vapor 

The mass flow rate through the low- temperature evaporator is found by 

Q l 8kJ/s 


Ql = m 2 (h 7 -h 6 ) 


->m 2 = 


h 7 - h 6 (234.44 - 95.48) kJ/kg 


= 0.05757 kg/s 


The mass flow rate through the warmer evaporator is then 
m x =m-rh 2 =0.1- 0.05757 = 0.04243 kg/s 

Applying an energy balance to the point in the system where the two evaporator streams are recombined gives 


fh\h 5 + m 2 h 7 = mh x >h x = 


m x h 5 + m 2 h 7 (0.04243X250.50) + (0.05757)( 234.44) 


m 


0.1 


= 241.26 kJ/kg 


Then, 


Pl=Ps 


sat @ -26. 4^0 


= 100 kPa 


h x =241.26 kJ/kg 
P 2 = 800 kPa ] 


s x =0.9791 kJ/kg -K 


> 


h 2 = 286.32 kJ/kg 


^2 “ ^1 

The cooling rate of the high-temperature evaporator is 

q l = m x (h 5 -h 4 ) = (0.04243 kg/s)(250.50 - 95.48) kJ/kg = 6.578kW 
The power input to the compressor is 

W in = m(h 2 -h l ) = (0.1 kg/s)(286.32 - 241.26) kJ/kg = 4.506kW 
The COP of this refrigeration system is determined from its definition, 

Q l (8 + 6.578) kW 


COP R = 




in 


4.506kW 


= 3.24 
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11-61E A two-evaporator compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The 
power required by the compressor and the COP of the system are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


2 + 


Condenser 


Compressor 


i + 


Expansion 
valve 

HXH- 


7 


Evaporator 1 


Expansion 

valve 


4 


txj 


Evaporator 2 


Expansion 

valve 

HXH 



Analysis From the refrigerant tables (Tables A-l IE, A-12E, and A-13E), 
P 3 =180 psia 1 

sac. liquid } *3 - h . , «»p,i. =: 5 1 .5 1 Btu/lbm 

h 4 = h 6 =h 3 = 5 1 .5 1 Btu/lbm (throttling) 

P 5 =30 psia 
sat. vapor 

P 1 =10 psia | 


h 5 = h g @ 30 psia =105.34 Btu/lbm 


> h 7 - h @ jOpsia 

sat. vapor J * F 

The mass flow rates through the high-temperature and low-temperature evaporators are found by 

Qlx 9000 Btu/h 


• = 98.69 Btu/lbm 


Qlx =ih\(h 5 -h 4 ) >m x = 


Ql, 2 =tj h( h l ~K) = 


h 5 -h 4 (105.34-51.51) Btu/lbm 

Ql ,2 24,000 Btu/h 


= 167.2 lbm/h 


= 508.7 lbm/h 


hrj - h 6 (98. 69 - 5 1 .5 1) Btu/lbm 
Applying an energy balance to the point in the system where the two evaporator streams are recombined gives 

m x h 5 + m 2 h 7 (167.2)(105.34) + (508.7)(98.69) 


m x h 5 + m 2 h 7 =(m x +m 2 )h x 


->h x = 


m x +m 2 


167.2 + 508.7 


= 100.33 Btu/lbm 


Then, 


P x =10 psia 


h x =100.33 Btu/lbm 


s x = 0.2333 Btu/lbm- R 


h 2 =127.06 Btu/lbm 


P 2 = 180 psia 1 

j 

The power input to the compressor is 


Wj n = (m, +rh 2 )(h 2 -h x ) = (167.2 + 508.7) lbm/h(127.06 - 100.33) Btu/lbm) 
The COP of this refrigeration system is determined from its definition, 


lkW 


A 


3412. 14 Btu/h 


5.293kW 


COP R _ Ql _ (24,000 + 9000) Btu/h 




in 


5.293 kW 


lkW 


3412. 14 Btu/h 


= 1.83 
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11-62E A two-evaporator compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The 
power required by the compressor and the COP of the system are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


2 t 


Condenser 


i + 


Compressor 

Expansion 
valve r— 

HXH- 


7 


Evaporator 1 


4 


Expansion 

valve 

HXH 


Expansion 

valve 


Evaporator 2 


HX} 



Analysis From the refrigerant tables (Tables A-l IE, A-12E, and A-13E), 
P 3 = 180psia 1 


h 3 = + @ i80 P sia = 51.51 Btu/lbm 


sat. liquid j 
h 4 =h 6 = h 3 =51.51 Btu/lbm (throttling) 


P 5 = 60 psia 1 
sat. vapor j 

P 1 =10 psia ] 


h 5 = h g @60 P sia =110.13 Btu/lbm 


> h 7 - h @ jOpsia 

sat. vapor J * F 

The mass flow rates through the high-temperature and low-temperature evaporators are found by 

Qlx 15,000 Btu/h 


• = 98.69 Btu/lbm 


Qlx ~ (^5 ~K) = 


Ql, 2 =m 2 ( h i ~K) 


~>m 2 = 


h 5 -h 4 (110. 13 -51.51) Btu/lbm 

Ql, 2 _ 24,000 Btu/h 

h 7 -h 6 ~ (98.69 -51.51) Btu/lbm 


= 255.9 lbm/h 


= 508.7 lbm/h 


Applying an energy balance to the point in the system where the two evaporator streams are recombined gives 


m x h 5 + m 2 h 7 =(m l +m 2 )h x 


->h x = 


m x h 5 + m 2 h 7 (255.9X110.13) + (508.7)(98.69) 


m x +m 2 


255.9 + 508.7 


= 102.52 Btu/lbm 


Then, 


P x =10 psia 


h x =102.52 Btu/lbm 


= 0.2382 Btu/lbm- R 


h 2 =130.08 Btu/lbm 


P 2 = 180 psia 1 

j 

The power input to the compressor is 


Wj n = (; m x +m 2 )(h 2 -h x ) = (255.9 + 508.7) lbm/h(130.08 - 102.52) Btu/lbn| 
The COP of this refrigeration system is determined from its definition, 


lkW 


3412. 14 Btu/h 


6.176kW 


Cop r _ Ql _ (24,000 + 15,000) Btu/h 


f 


W: 


in 


6. 176kW 


lkW 


3412. 14 Btu/h 


= 1.85 
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Gas Refrigeration Cycles 
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11-63C In the ideal gas refrigeration cycle, the heat absorption and the heat rejection processes occur at constant pressure 
instead of at constant temperature. 


11-64C The reversed Stirling cycle is identical to the Stirling cycle, except it operates in the reversed direction. 
Remembering that the Stirling cycle is a totally reversible cycle, the reversed Stirling cycle is also totally reversible, and thus 
its COP is 

Stirling — i77 7 

1 H I1 L 1 


11-65C In aircraft cooling, the atmospheric air is compressed by a compressor, cooled by the surrounding air, and expanded 
in a turbine. The cool air leaving the turbine is then directly routed to the cabin. 


11-66C No; because h = h(T) for ideal gases, and the temperature of air will not drop during a throttling (hi = h 2 ) process. 


11-67C By regeneration. 
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11-68E An ideal-gas refrigeration cycle with air as the working fluid is considered. The rate of refrigeration, the net power 
input, and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and potential 
energy changes are negligible. 


Analysis {a) We assume both the turbine and the compressor to be isentropic, the turbine inlet temperature to be the 
temperature of the surroundings, and the compressor inlet temperature to be the temperature of the refrigerated space. From 
the air table (Table A-17E), 


Thus, 


7] = 500 R > =119.48 Btu/lbm 

P r = 1.0590 

71 = 580 R > h 3 =138.66 Btu/lbm 

P r = 1.7800 

' 3 


P, = — P, 

■ 2 P x r ' 


P =-^-P 

' 4 R r * 


( 

— j(l.0590) = 3. 177 


'10 N 

v 30 y 


(1.7800) = 0.5933 


>r 2 =683.9 R 
h 2 = 163.68 Btu/lbm 

->T 4 =423.4 R 

h 4 =101. 14 Btu/lbm 



Then the rate of refrigeration is 

Gmfiig = w(<7/.)= m(h\ -h 4 )= (0.51bm/sXl 19.48- 101. 14) Btu/lbm= 9.17 Btu/s 
( b ) The net power input is determined from 
w ■ = W . - w , 

net, in comp, in turb, out 

where 

W'compin = m{h 2 - h \ )= (0.5 lbm/s)(l 63.68- 1 19.48) Btu/lbm= 22. 10 Btu/s 
^turbout = fh ( h 3 -/i 4 )= (0.51bm/s)(l38.66-101. 14) Btu/lbm= 18.79 Btu/s 

Thus, 

W nQt in = 22.10-18.76 = 3.34 Btu/s = 4.73 hp 


(c) The COP of this ideal gas refrigeration cycle is determined from 


COP R 


Q l 9.17 Btu/s 

Ket,in 3.34 Btu/s 
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11-69 An ideal-gas refrigeration cycle with air as the working fluid is considered. The maximum and minimum temperatures 
in the cycle, the COP, and the rate of refrigeration are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Analysis ( a ) We assume both the turbine and the compressor to be isentropic, the turbine inlet temperature to be the 
temperature of the surroundings, and the compressor inlet temperature to be the temperature of the refrigerated space. From 
the air table (Table A- 17), 


Thus, 


7] = 250 K > h x = 250.05 kJ /kg 

P r =0.7329 

r i 

7] = 300 K > h 3 = 300.19 kJ / kg 

P r =1.386 

r 3 


P = ^P 

r 2 p n 


P =^-P 

>4 p r. 


= (3X0.7329) = 2. 1987 


v3y 


(1.386) = 0.462 


^T 2 = T m = 342.2 K 
h 2 = 342.60 kJ/kg 

>r 4 =7 min = 219.0 K 

h 4 = 218.97 kJ/kg 



(b) The COP of this ideal gas refrigeration cycle is determined from 


COP R = 


Ql 


Vl 


w 


net, in ^comp, in ^turb, out 


where 


q L =h { -h 4 = 250.05 -218.97 = 31.08 kJ /kg 
w C om P ,in =h 2 -h x = 342.60-250.05 = 92.55 kJ/kg 
w t urb,out =h 3 -h 4 = 300.19-218.97 = 81.22 kJ/kg 


Thus, 


COP R = 


31.08 


= 2.74 


92.55-81.22 
(c) The rate of refrigeration is determined to be 

Q m ffig = m(q,) = (0.08 kg/s)(3 1 .08 kJ/kg) = 2.49 kj/s 
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11-70 An ideal-gas refrigeration cycle with air as the working fluid is considered. The rate of refrigeration, the net 
power input, and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and potential 
energy changes are negligible. 


Analysis (a) We assume both the turbine and the compressor to be isentropic, the turbine inlet temperature to be the 
temperature of the surroundings, and the compressor inlet temperature to be the temperature of the refrigerated space. From 
the air table (Table A- 17), 


T x - 280 K 

— > h x — 280.13 kJ/kg 


P r =1.0889 

-310 K 

— > h 4 -310.24 kJ/kg 


P =1.5546 


Thus, 



Pi 

= — P r = 
p x r ' 

=—p r = 

P 3 
r 3 


160 


35 J 


](l .0889) = 4.978 


->r 2 = 431.5 K 
h 2 = 432.96 kJ/kg 


35 


160 J 


](l.5546) = 0.3401 


-> r 4 = 200.6 K 
h 4 = 200.57 kJ/kg 



Then the rate of refrigeration is 

Q L =m{q L )=m{h 1 -h 4 ) = (0. 2 kg/s )(280. 1 3 - 200. 57) kJ/kg = 15.9 kW 


(b) The net power input is determined from 


W = W ■ — W i 

r r net, in r r comp, in r r turb, out 


where 


Wcompjn = m ( h 2 ~ h \ ) = (0.2 kg/s)(432.96 - 280. 13)kJ/kg = 30.57 kW 
^tu*,out = lh i h 3 ~h 4 ) = (0.2 kg/ s)(3 1 0. 24 - 200. 57) kJ/kg = 21.93 kW 

Thus, 

W npti „ =30.57 -21.93 = 8.64 kW 


(c) The COP of this ideal gas refrigeration cycle is determined from 


COP R 


Ql 


15.9kW 
8.64 kW 


1.84 
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11-71 An ideal-gas refrigeration cycle with air as the working fluid is considered. The rate of refrigeration, the net 
power input, and the COP are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Analysis (a) We assume the turbine inlet temperature to be the temperature of the surroundings, and the compressor inlet 
temperature to be the temperature of the refrigerated space. From the air table (Table A- 17), 


r, = 280 K — 

— > ^ -280.13 kJ/kg 


On 

OO 

OO 

O 

i-H 

II 

c 

T 3 =310 K — 

— > h 3 -310.24 kJ/kg 


P =1.5546 


Thus, 



P 7 

= —Pr 
Pi 1 


p 3 ^ 


160 


V 35 y 

r 35 A 

160 


(1 . 0889) = 4.978 - 
1(1.5546) = 0.3401 


>T 2s = 431.5 K 
h 2s = 432.96 kJ/kg 

~^T 4s = 200.6 K 
h 4 , =200.57 kJ/kg 



Also, 


7It 



- h 4 

~ h 4s 


> h 4 = h 3 - tj t ( h 3 -h 4s ) 

= 310.24 - (0.85X310.24 - 200.57) 
= 217.02 kJ/kg 


Then the rate of refrigeration is 

Q l =m(q L ) = m(l h - h 4 ) = (0.2 kg/sX280. 13-21 7.02) kJ/kg = 12.6 kW 


(b) The net power input is determined from 
W -W . - W , 

net, in comp, in turb, out 

where 

^compin =rn(h 2 — h l )= m(h 2s -h^lrjc 

= (0.2 kg/s 1(432.96 - 280. 13) kJ/kg]/(0.80) = 38.21 kW 
W turbi0 ut = m(h 3 - h 4 ) = (0.2 kg/sX3 10.24 - 217.02) kJ/kg = 1 8.64 kW 

Thus, 

W n «: n =38.21 -18.64 = 1 9. 6kW 


(c) The COP of this ideal gas refrigeration cycle is determined from 


COP R = 


Q 


L 




netjn 


12.6 kW 

19.6 kW 


= 0.643 
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11-72 



Problem 11-71 is reconsidered. The effects of compressor and turbine isentropic efficiencies on the rate of 


refrigeration, the net power input, and the COP are to be investigated. 
Analysis The problem is solved using EES, and the solution is given below. 


"Input data" 

T[1] = 7 [C] 

P[1]= 35 [kPa] 

T[3] = 37 [C] 

P[3]=1 60 [kPa] 
m_dot=0.2 [kg/s] 

Eta_comp = 1 .00 

Etajurb = 1 .0 

"Compressor anaysis" 

s[1 ]=ENTROPY(Air,T=T[1],P=P[1 ]) 

s2s=s[1] "For the ideal case the entropies are constant across the compressor" 

P[2] = P[3] 

s2s=ENTROPY(Air,T=Ts2,P=P[2])"Ts2 is the isentropic value of T[2] at compressor exit" 

Eta_comp = W_dot_comp_isen/W_dot_comp "compressor adiabatic efficiency, 

W_dot_comp > W_dot_comp_isen" 

m_dot*h[1] + W_dot_comp_isen = m_dot*hs2"SSSF First Law for the isentropic compressor, 
assuming: adiabatic, ke=pe=0, m_dot is the mass flow rate in kg/s" 
h[1 ]=ENTHALPY(Air,T=T[1 ]) 
hs2=ENTHALPY(Air,T=Ts2) 

m_dot*h[1] + W_dot_comp = m_dot*h[2]"SSSF First Law for the actual compressor, 

assuming: adiabatic, ke=pe=0" 

h[2]=ENTHALPY(Air,T=T[2]) 

s[2]=ENTROPY(Air,h=h[2],P=P[2]) 

"Heat Rejection Process 2-3, assumed SSSF constant pressure process" 
m_dot*h[2] + Q_dot_out = m_dot*h[3]"SSSF First Law for the heat exchanger, 
assuming W=0, ke=pe=0" 
h[3]=ENTHALPY(Air,T=T[3]) 

"Turbine analysis" 
s[3]=FNTROPY(Air,T=T[3],P=P[3]) 

s4s=s[3] "For the ideal case the entropies are constant across the turbine" 

P[4] = P[1] 

s4s=ENTROPY(Air,T=Ts4,P=P[4])"Ts4 is the isentropic value of T[4] at turbine exit" 

Etajurb = W_dotJurb /W_dotJurbJsen "turbine adiabatic efficiency, W_dotJurbJsen > W_dotJurb" 
m_dot*h[3] = W_dotJurbJsen + m_dot*hs4"SSSF First Law for the isentropic turbine, assuming: 
adiabatic, ke=pe=0" 
hs4=ENTHALPY(Air,T=Ts4) 

m_dot*h[3] = W_dotJurb + m_dot*h[4]"SSSF First Law for the actual compressor, assuming: 

adiabatic, ke=pe=0" 

h[4]=ENTHALPY(Air,T=T[4]) 

s[4]=ENTROPY(Air,h=h[4],P=P[4]) 

"Refrigeration effect:" 

m_dot*h[4] + Q_dot_Refrig = m_dot*h[1] 

"Cycle analysis" 

W_dotJn_net=W_dot_comp-W_dotJurb"External work supplied to compressor" 

COP= Q_dot_Refrig/W_dotJn_net 
"The following is for plotting data only:" 

Ts[1]=Ts2 

ss[1]=s2s 

Ts[2]=Ts4 

ss[2]=s4s 
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T[°C] 
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Hcomp 

COP 

QRefrig 

[kWl 

Winnet 

[kWl 

0.7 

0.3291 

9.334 

28.36 

0.75 

0.3668 

9.334 

25.45 

0.8 

0.4077 

9.334 

22.9 

0.85 

0.4521 

9.334 

20.65 

0.9 

0.5006 

9.334 

18.65 

0.95 

0.5538 

9.334 

16.86 

1 

0.6123 

9.334 

15.24 




^comp 
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11-60 



^comp 


•0 




Uturb 

=1.0 





Tlturl 

3=0.85 



^ i—1 L 










-0 70 



■ 


Hturb 





0.7 0.75 0.8 0.85 0.9 0.95 1 

Hcomp 
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11-73 A gas refrigeration cycle with helium as the working fluid is considered. The minimum temperature in the cycle, the 
COP, and the mass flow rate of the helium are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Helium is an ideal gas with constant specific heats. 3 Kinetic and 
potential energy changes are negligible. 

Properties The properties of helium are c p = 5.1 926 kJ/kg-K 2 / 

and k = 1.667 (Table A-2). ^ „ / 

1 A 2 f, 

Analysis {a) From the isentropic relations, q h / 

s \(k-l)/k V/ / 

T 2s= T \— = (267 K )(4) 0 ' 667/1 - 667 = 465.0 K 50°C-- A “1/ 


T As =T 3 


= 465.0 K 


(k-l)/k 


= (323 K)fi 


0.667/1.667 


50°C 

-6°C 


= 185.5 K 



4 Grefrig 


TIT = 


Vc = 


h 3 - h 4 _ T 3 -T 4 
^3 _ h 4s T 3 - T 4s 


his h\ _ ^2s 
h 2 - h\ T 2 - T l 


T 4 =T 3 -7It(t 3 -T 4s )= 323 -(0.85X323 -185.5) 

= 206.1 K=T mn ' 

T 2 =T { + (t 2s -T^/rjc =267 + (465.0 -267)/(0.85) 
= 499.9 K 


( b ) The COP of this gas refrigeration cycle is determined from 


COP R = — ^ 

net,in compjn turb,out 

h x ~ h 4 

(h 2 -h\)-(h 3 -h 4 ) 

Ti~T 4 

{t 2 ~t 4 ) 

267-206.1 

~ (499.9 -267)- (323 -206.1) 

= 0.525 

(c) The mass flow rate of helium is determined from 


. Q: 


25 kJ/s 


q, h x -h 4 c„ (7’ - T 4 ) (5.1 926 kJ/kg • K \261 - 206. 1 ) K 


= 0.0791 kg/s 
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11-74 An ideal-gas refrigeration cycle with air as the working fluid is considered. The lowest temperature that can be 
obtained by this cycle, the COP, and the mass flow rate of air are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2). 

Analysis (a) The lowest temperature in the cycle occurs at the turbine exit. From the isentropic relations, 


( P V k ~ 1)/k 

T 2 =tJ ^ 1 = (266 K )(4) 0A/IA 


p 

t 5 = t 4 -f 


= (266 K)(4) ( 


= 395.3 K = 122. 3°C 


(k-l)/k 


0 . 4 / 1. 4 


= (258 K)f - | = 173.6 K = -99.4°C = 


( b ) From an energy balance on the regenerator, 

77 _ f - A f ^0 (steady) _ q 

^in ^ out system u 

K = e om 


X ™e h e = X m > h > > th(h 3 -h 4 ) = m(h\ - h 6 ) 


me „(T 3 -T 4 )= me _ (r, - T 6 ) 


T 3 -T 4 =T x -t 6 


T 6 = T x -T 3 +T 4 = (-7°c)-27°C + (-15°C) = -49°C 
Then the COP of this ideal gas refrigeration cycle is determined from 


27°C 


-7°C 


-15°C 



5 refrig 


COP R = — ^ 

^ net, in ^compjin ^turb,out 

h 6~ h 5 

(h 2 -h x )-(h 4 -h 5 ) 

t 6 -t 5 

{T 2 ~Ti)~(T 4 -T 5 ) 

_ -49°C-(-99.4°c) _ 

~ [122.3 - (- 7)]°C - [- 15 - (- 99.4)]°C ~ 

(c) The mass flow rate is determined from 

. _ Srefrig _ Sreffig _ ^refrig _ 12kJ/s 

~7T ~ h 6 -h 5 ~ c (t 6 -T 5 ) ' ( 1 .005 kJ/kg • °Cj[- 49 - (- 99.4)]°C 


= 0.237 kg/s 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



11-63 


11-75 An ideal-gas refrigeration cycle with air as the working fluid is considered. The lowest temperature that can be 
obtained by this cycle, the COP, and the mass flow rate of air are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 


Properties The properties of air at room temperature are c p = 1 .005 
kJ/kg-K and k = 1.4 (Table A-2). 


Analysis {a) The lowest temperature in the cycle occurs at the turbine 
exit. From the isentropic relations, 


T 2s = T t 


A' 

\ p l J 


(k— 1 )/ k 


= (266 K)(4) 


,0.4/ 1.4 


- 395.3 K = 122.3°C 


^5s ~ ^4 




(k-l)/k 


= (258 kA 


0.4/1. 4 


= 173.6 K = -99.4°C 


and 



T[ T = 


h 4 ~ h 5 
h 4 ~ h 5 s 


h 2s ~ h \ 

h 2 ~ /*! 


t 4 -t 5 

P 4 ~ P 5s 

T 2s - T, 

T 2 -T\ 


*T 5 = T 4 - r] T (T 4 -T 5s ) = - 15 - (0.80)(-15 - (- 99.4)) 
= -82.5°C = T mm 

>T 2 = T l+ (T 2s - T t )/r\ c = -7 + (122.3 - (- 7))/(0.75) 
= 165. 4°C 


( b ) From an energy balance on the regenerator, 

} 7 . _ F - A/7 (steady) _ n v /7. - /7 

An Aiut “ ZA Aystem — u T An “ Amt 

X/«A =X m iA >m(h 3 -h 4 ) = m(h l -h 6 ) 


or, 

™ C P ( r 3 - T 4 ) = mc p { T \ ~ T e ) » T 3- T 4= T \- T 6 

or, 

T 6 =T 1 -T 3 +T 4 = (-7°c)-27°C + (-15°c) = -49°C 
Then the COP of this ideal gas refrigeration cycle is determined from 


COP R = 




4l 


w 


net, in 


^compjn ^turb,out 


K ~ h 5 


{h 2 -h l )-(h 4 -h 5 ) 

t 6 -t 5 

{t 2 -Ti)-(T 4 -T 5 ) 

-49°C-(-82.5°C) 

~ [165.4 -(-7)]°C-[- 15 -(-82.5)]°C 

(c) The mass flow rate is determined from 


= 0.32 


2refng 2refng 

m = — — 


2refiig 


12 kJ/s 


c lL h 6 -h 5 c p (t 6 -T 5 ) (1.005 kJ/kg-°c)[- 49 -(-82.5)1C 


= 0.356 kg/s 
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11-76 A regenerative gas refrigeration cycle using air as the working fluid is considered. The effectiveness of the 
regenerator, the rate of heat removal from the refrigerated space, the COP of the cycle, and the refrigeration load and the 
COP if this system operated on the simple gas refrigeration cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with constant specific heats. 


Properties The properties of air at room temperature are c p 
Analysis ( a ) From the isentropic relations, 


T 2s = 7i 




\ P \ J 


(k-l)/k 


= (273.2 kX5)°‘ 4/L4 = 432.4 K 


tic = 


0.80 = 


h 2s h\ T 2s T x 


h 2 -h x 


t 2 -t x 


432.4-273.2 


T 2 -273.2 


A 7; = 472.5 K 


The temperature at state 4 can be determined by solving 
the following two equations simultaneously: 


T 5s = T 4 


r p \(M/k 


V P 4 J 


= T 


^pO.4/1.4 


h A - hz 

r/ T = — — >0.85 = 

K-K 


v5 j 

T 4 -193.2 

t 4 -t 5s 


1.005 kJ/kg-K and k = 1.4 (Table A-2). 



Using EES, we obtain T 4 = 281.3 K. 

An energy balance on the regenerator may be written as 

™ C P { T 3 -T 4 )=mc p (r 1 -T 6 ) >T 3 -T a =T x -T e 

or, 

T 6 =T x -T 3 +r 4 = 273.2-308.2 + 281.3 = 246.3 K 
The effectiveness of the regenerator is 

h 3 -h A T 3 -T a 308.2-281.3 . /loyl 

£* re aen — ~ — — 0.434 

s h 3 -h 6 T 3 -T 6 308.2-246.3 

( b ) The refrigeration load is 



Q l = mc p (T 6 - T 5 ) = (0.4 kg/s)( 1.005 kJ/kg.K)(246.3-193.2)K = 21 .36kW 


(c) The turbine and compressor powers and the COP of the cycle are 

^c,in — me p (T 2 — T x ) = (0.4kg/s)(1.005kJ/kg.K)(472.5-273.2)K = 80.13kW 

W Tout = mc p (T 4 -T 5 ) = (0.4 kg/s)(1.005kJ/kg.K)(281.3-193.2)kJ/kg = 35.43 kW 


COP = 



w. 


net,in 



^C,in -Wr,out 


21.36 

80.13-35.43 


0.478 
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(d) The simple gas refrigeration cycle analysis is as follows: 



^net,in = p (T 2 ~T { ) ~ me p (T 3 ~ T 4 ) 

= (0.4 kg/s)( 1.005 kJ/kg.K)[(472.5- 273.2) - (308.2- 21 1.6)kJ/kg] 
= 41.32 kW 



24.74 

41.32 


0.599 
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11-77 An ideal gas refrigeration cycle with with two stages of compression with intercooling using air as the working fluid is 
considered. The COP of this system and the mass flow rate of air are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 




Analysis From the isentropic relations, 


T 2 =T t 


t 4 =t 3 


t 6 =t 5 


r p \(k-Y)!k 




V R \ J 
f p ^ 

f_4 

V P 3 J 


r \(k-i)/k 
£6 

\ P 5 J 


= (249 K)(3) °' 4/L4 = 340.8 K 


= (278K)(3)°' 4/1 ' 4 = 380.5 K 


= (278 K) 


/ ^0.4/1. 4 
v9y 


= 148.4 K 


The COP of this ideal gas refrigeration cycle is determined from 


COP R = 


^ net, in ^compjn ^tuib.out 

= h\ - K 

(h 2 -h x ) + (h 4 -h 3 )~ (h 5 - h 6 ) 

= TWs 

(T 2 - T x ) + (T 4 -T 3 )-(T 5 -T 6 ) 

249-148.4 

~ (340.8 - 249) + (380.5 - 278) - (278 - 148.4) 

= 1.56 


The mass flow rate of the air is determined from 


QRefiig =mc p (T l -T 6 ) >m = 


^Refiig 


(45,000/ 3600) kJ/s 


c p (T x - T e ) (1.005 kJ/kg • K)(249 - 148.4) K 


= 0.124kg/s 
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11-78 A gas refrigeration cycle with with two stages of compression with intercooling using air as the working fluid is 
considered. The COP of this system and the mass flow rate of air are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 



4 


T 2s = T t 


T 4s = h 


t 6s =t 5 


f p ^ 

l 2 

v p u 


(k-\)/k 


= (249 K)(3) 0-4 7 1,4 = 340.8 K 


/ N (*-i)/* 

1 A 


y p ij 
y p s j 


= (278 K)(3)°- 4/1 - 4 =380.5 K 


(k-\)/k 


= (278 K) 


/pO.4/1.4 

V9y 


= 148.4 K 


and 


7c = 
7c = 
7 t = 


h 2s h\ T 2s T x 


^2 h x ^2 T\ 

h 4s - h 3 T 4s - T 3 


-> T 2 = T x + (T 2s -T l )/rj c = 249 + (340.8 - 249) / 0.85 = 357.0 K 


h 4 - h 3 T 4 - T 3 

^5 T 5 - T 6 


+ j 4 =T 3 + (T 4s - T 3 ) / Tic = 278 + (380.5 - 278) / 0.85 = 398.6 K 


^5 h 6s T 5 T 6s 

The COP of this ideal gas refrigeration cycle is determined from 

7l 7l 


>T 6 =T 5 -7j T (T 5 - T 6s ) = 278 - (0.95)(278 - 148.4) = 154.9 K 


COP R = 


^ net, in ^compjn ^turb,out 

h \ ~ h 6 

(h 2 -h x ) + (h 4 -h 3 )-(h 5 -h 6 ) 

TV-76 

(T 2 -T x ) + (T 4 -T 3 )-(T 5 -t 6 ) 
249-154.9 


= 0.892 


(357.0 - 249) + (398.6 - 278) - (278 - 154.9) 

The mass flow rate of the air is determined from 

QRefiig (45,000/ 3600) kJ/s 


£?Refrig = p (V ~ T 6 ) > m = 


c p (T \ -T 6 ) (1.005 kJ/kg-K)(249 - 154.9) K 


= 0.132kg/s 
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Absorption Refrigeration Systems 
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11-79C Absorption refrigeration is the kind of refrigeration that involves the absorption of the refrigerant during part of the 
cycle. In absorption refrigeration cycles, the refrigerant is compressed in the liquid phase instead of in the vapor form. 


11-80C The main advantage of absorption refrigeration is its being economical in the presence of an inexpensive heat 
source. Its disadvantages include being expensive, complex, and requiring an external heat source. 


11-81C The fluid in the absorber is cooled to maximize the refrigerant content of the liquid; the fluid in the generator is 
heated to maximize the refrigerant content of the vapor. 


11-82C The coefficient of performance of absorption refrigeration systems is defined as 


COP R = 


desiredoutput 

requiredinput 


Q 


L 


Q 


L 


o +w 

^gen pumprn 


Q 


gen 


11-83 The COP of an absorption refrigeration system that operates at specified conditions is given. It is to be determined 
whether the given COP value is possible. 

Analysis The maximum COP that this refrigeration system can have is 


COP 


R,max 


f rj~i \ 

l_±o_ 

f Tl i 


( 292 K"| 

f 273 ^ 

T 

V 1 s J 

L T o-T L ) 


l 368 kJ 

1 292- 273 J 


= 2.97 


which is smaller than 3.1. Thus the claim is not possible. 


11-84 The conditions at which an absorption refrigeration system operates are specified. The maximum COP this absorption 
refrigeration system can have is to be determined. 


Analysis The maximum COP that this refrigeration system can have is 


COP 


R,max 


f T \ 

1 

( T > 

1 L 


r 298 K^j 

f 273 ^ 

T 

V s J 

k t q ~ t l , 


l 393 K J 

1 298-273J 


2.64 
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11-85 The conditions at which an absorption refrigeration system operates are specified. The maximum rate at which this 
system can remove heat from the refrigerated space is to be determined. 

Analysis The maximum COP that this refrigeration system can have is 


COPR,max “ 


( T \ 

l_fo_ 

{ Tl i 


' 298 K^j 

f 255 ) 

T 

V 1 s J 

l r o ~T L ) 


[ 383 kJ 

1 298- 255 J 


= 1.316 


Thus, 


e,.. lrax = COP Rjmx e gen = (1.316X5 x 10 5 kJ/h)= 6.58x10 s kj/h 


11-86 A reversible absorption refrigerator consists of a reversible heat engine and a reversible refrigerator. The rate at which 
the steam condenses, the power input to the reversible refrigerator, and the second law efficiency of an actual chiller are to 
be determined. 


Properties The enthalpy of vaporization of water at 150°C is hf g = 21 13.8 kJ/kg (Table A-4). 
Analysis (a) The thermal efficiency of the reversible heat engine is 


7th, 


rev 


=i-*°=i- 
T, 


(25 + 273.15) K 
(150 + 273. 15) K 


= 0.2954 


The COP of the reversible refrigerator is 


COP 


T 


L 


(-15 + 273.15) K 


R,rev 


= 6.454 


T 0 -T l (25 + 273.15) -(-15 + 273.15) K 
The COP of the reversible absorption refrigerator is 

COR lbSirev =77th^vCOP R ^ v =(0.2954X6.454) =1.906 
The heat input to the reversible heat engine is 

Q l 70 kW 


Qin = 


COP 


absjev 


1.906 


= 36.72 kW 


Then, the rate at which the steam condenses becomes 
Q m 36.72 kJ/s 


m s = 


h fg 21 13. 8 kJ/kg 


= 0.0174kg/s 



( b ) The power input to the refrigerator is equal to the power output from the heat engine 

+n,R = +ut,HF. = ? 7 th,rev 2 in = (0.2954)(36.72 kW) = 1 0.9kW 

(c) The second-law efficiency of an actual absorption chiller with a COP of 0.8 is 


7h = 


COR 


actual 


COP 


abs/ev 


0.8 

1.906 


= 0.420 = 42.0% 
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11-87E An ammonia-water absorption refrigeration cycle is considered. The rate of cooling, the COP, and the second-law 
efficiency of the system are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Properties The properties of ammonia are as given in the problem statement. The specific heat of geothermal water is given 
to be 1.0 Btu/lbm- °F. 

Analysis (a) The rate of cooling provided by the system is 

q l =m R (h x -h 4 ) = (0.04 lbm/s)(619.2- 190.9) Btu/lbm 
= 17. 13 Btu/s = 61 ,700Btu/h 


(b) The rate of heat input to the generator is 

2gen = Vp C^geojn “ T geo . 0 J = (0.55 lbm/sXl -0 Btu/lbm- °F)(240 - 200)°F = 22.0 Btu/s 
Then the COP becomes 


COP = 


Q 


L 


Q 


gen 


17.13 Btu/s _ q ?79 
22.0 Btu/s 


(c) The reversible COP of the system is 


COP 


abs,rev 


Tr 


T 


s J 


T 


L 


V r o ~ t lj 


( 

1 

V 


(70 + 460) 
(220 + 460) 


y 

A 


(25 + 460 A 
70-25 , 


2.38 


The temperature of the heat source is taken as the average temperature of the geothermal water: (240+200)/2=220°F. Then 
the second-law efficiency becomes 


*7ii = 


COP 

COP ab s,rev 


0 779 

—— = 0.328 = 32.8% 
2.38 


Special Topic: Thermoelectric Power Generation and Refrigeration Systems 


11-88C The circuit that incorporates both thermal and electrical effects is called a thermoelectric circuit. 


11-89C When two wires made from different metals joined at both ends (junctions) forming a closed circuit and one of the 
joints is heated, a current flows continuously in the circuit. This is called the Seebeck effect. When a small current is passed 
through the junction of two dissimilar wires, the junction is cooled. This is called the Peltier effect. 


11-90C No. 


11-91C No. 
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11-92C Yes. 


11-93C When a thermoelectric circuit is broken, the current will cease to flow, and we can measure the voltage generated in 
the circuit by a voltmeter. The voltage generated is a function of the temperature difference, and the temperature can be 
measured by simply measuring voltages. 


11-94C The performance of thermoelectric refrigerators improves considerably when semiconductors are used instead of 
metals. 


11-95C The efficiency of a thermoelectric generator is limited by the Carnot efficiency because a thermoelectric generator 
fits into the definition of a heat engine with electrons serving as the working fluid. 


11-96E A thermoelectric generator that operates at specified conditions is considered. The maximum thermal efficiency this 
thermoelectric generator can have is to be determined. 

Analysis The maximum thermal efficiency of this thermoelectric generator is the Carnot efficiency, 


-i Tl 

^7th,max th, Carnot ^ 

1 H 


550R 

800R 


31.3% 


11-97 A thermoelectric refrigerator that operates at specified conditions is considered. The maximum COP this 
thermoelectric refrigerator can have and the minimum required power input are to be determined. 

Analysis The maximum COP of this thermoelectric refrigerator is the COP of a Carnot refrigerator operating between the 
same temperature limits, 


CO^max “ COPr Carnot “ 


Thus, 


W: 


(t h (293K)/(268K)-1 


= 10.72 


Q 


L 


130 W 


in, min 


COP nra 10.72 


= 12.1 W 
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11-98 A thermoelectric cooler that operates at specified conditions with a given COP is considered. The required power 
input to the thermoelectric cooler is to be determined. 

Analysis The required power input is determined from the definition of COP R , 


COP R = 


Q 

m 


L 


w = 

r r in 


Q 


L 


COP 


R 


180 W 
0.15 


= 1200 W 


11-99E A thermoelectric cooler that operates at specified conditions with a given COP is considered. The rate of heat 
removal is to be determined. 


Analysis The required power input is determined from the definition of COP R , 


COP R = 


Q 


L 


w. 


^Q L =COP R W in = (0.18X1.8 hp) 


in 


42.41 Btu/min 
lhp 


\ 


= 13. 7 Btu/min 


11-100 A thermoelectric refrigerator powered by a car battery cools 9 canned drinks in 12 h. The average COP of this 
refrigerator is to be determined. 

Assumptions Heat transfer through the walls of the refrigerator is negligible. 

Properties The properties of canned drinks are the same as those of water at room temperature, p = 1 kg/L and c p = 4.18 
kJ/kg °C (Table A-3). 

Analysis The cooling rate of the refrigerator is simply the rate of decrease of the energy of the canned drinks, 

m = pV = 9 x (1 kg/L)(0.350 L) = 3. 15 kg 
Gooding = me AT = (3.15 kg)(4. 18 kJ/kg • °C)(25 - 3)°C = 290 kJ 

Scooling 290 kJ 


Q 


cooling 


At 12 x 3600 s 


= 0.00671 kW = 6.71 W 


The electric power consumed by the refrigerator is 
W m = \I = (12 V)(3 A) = 36 W 
Then the COP of the refrigerator becomes 

CO P = = 0.186 * 0.20 

W m 36 W 
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11-101E A thermoelectric cooler is said to cool a 12-oz drink or to heat a cup of coffee in about 15 min. The average rate of 
heat removal from the drink, the average rate of heat supply to the coffee, and the electric power drawn from the battery of 
the car are to be determined. 

Assumptions Heat transfer through the walls of the refrigerator is negligible. 

Properties The properties of canned drinks are the same as those of water at room temperature, c p = 1.0 Btu/lbm.°F (Table 
A-3E). 

Analysis ( a ) The average cooling rate of the refrigerator is simply the rate of decrease of the energy content of the canned 
drinks, 

^cooling = me p AT = (0.771 lbm)(1.0 Btu/lbm-°F)(78-38)°F= 30.84 Btu 


Q 


Ccooling 30.84 Btu 


cooling 


At 


15 x 60s 


1055 J 
1 Btu 


= 36.2 W 


J 


( b ) The average heating rate of the refrigerator is simply the rate of increase of the energy content of the canned drinks, 
Cheating = AT = (0.771 lbm)(1.0 Btu/lbm-°F)(130-75)°F = 42.4 Btu 


Cheating 


Cheating 42.4 BtU 


At 


15 x 60s 


1055 J 
1 Btu 


= 49.7 W 


(c) The electric power drawn from the car battery during cooling and heating is 

Ccooling 36.2 W 


W: 


in, cooling 


COP, 


cooling 


0.2 


= 181 W 


COP heating = COP coollng + 1 = 0.2 + 1 = 1 .2 


W: 


Cheating 49.7 W 


in, heating 


COP, 


heating 


1.2 


= 41.4 W 


11-102 The maximum power a thermoelectric generator can produce is to be determined. 
Analysis The maximum thermal efficiency this thermoelectric generator can have is 


^7th,max 


T l 295 K 
T^~ ~ 363 K 


0.1873 


Thus, 

W ouUmx = 7 7thjnax Gin = (0. 1 873)(7 x 10 6 kj/h) = 1.3 1 X 10® kj/h = 364 kW 
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Review Problems 


11-103 A house is cooled adequately by a 3.5 ton air-conditioning unit. The rate of heat gain of the house when the air- 
conditioner is running continuously is to be determined. 

Assumptions 1 The heat gain includes heat transfer through the walls and the roof, infiltration heat gain, solar heat gain, 
internal heat gain, etc. 2 Steady operating conditions exist. 

Analysis Noting that 1 ton of refrigeration is equivalent to a cooling rate of 21 1 kJ/min, the rate of heat gain of the house in 
steady operation is simply equal to the cooling rate of the air-conditioning system, 

Cheat gain = Scooiing = ( 3 - 5 ton X 2 1 1 kJ/min) = 738.5 kJ/min - 44,310 kJ / h 


11-104 A steady-flow Carnot refrigeration cycle with refrigerant- 1 34a as the working fluid is considered. The COP, the 
condenser and evaporator pressures, and the net work input are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis {a) The COP of this refrigeration cycle is determined from 

COPr C ~ (t h / 7 / ) - 1 ~ (303 K )/(253 K ) — I ~ 5 ' <)6 ° 

( b ) The condenser and evaporative pressures are (Table A-l 1) 

^evap - ^sat@- 2 o°c “ 1 32.82 kPa 
^cond = ^sat@ 3 o°c = 770.64 kPa 

(c) The net work input is determined from 

K ={h f +x 1 h Jjs ) 9 _ 2VC =25.47 + (0.15)(212.96) = 57.42kJ/kg 
h 2 = (h f + x 2 h fg ) @ “ 2()oc = 25.47 + (0.80X212.96) = 195.84 kJ/kg 



q L =h 2 - h x = 195.84 - 57.42 = 138.4 kJ/kg 


^net,in 


COP R 


I38.4tj;tg _ 2736kj 

5.060 
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11-105 A heat pump water heater has a COP of 3.4 and consumes 6 kW when running. It is to be determined if this heat 
pump can be used to meet the cooling needs of a room by absorbing heat from it. 

Assumptions The COP of the heat pump remains constant whether heat is absorbed from the outdoor air or room air. 

Analysis The COP of the heat pump is given to be 3.4. Then the COP of the air-conditioning system becomes 

COP,,,- -cond ^OPheatpump ^ ^.4 1 2.4 

Then the rate of cooling (heat absorption from the air) becomes 

Qcooling = COP air _ cond W m = (3.4)(6 kW) = 20.4 kW = 51,840kJ/h 

since 1 kW = 3600 kJ/h. We conclude that this heat pump can meet the cooling needs of the room since its cooling rate is 
greater than the rate of heat gain of the room. 


11-106 A heat pump that operates on the ideal vapor-compression cycle with refrigerant- 1 34a as the working fluid is used to 
heat a house. The rate of heat supply to the house, the volume flow rate of the refrigerant at the compressor inlet, and the 
COP of this heat pump are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis {a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A- 12 and A- 13), 


P x = 320 kPa 
sat. vapor 


h\ - h g @ 320kp a - 25 1 .93 kJ/kg 
s \ = s g @ 320kPa = 0-93026 kJ/kg • K 
= Vg @ 320kPa = 0.063681 m 3 /kg 


P 2 =1.4 MPa 

s 2 = S\ 


h 2 =282.60 kJ/kg 


P 3 =1.4 MPa 
sat. liquid 


h 3 — hj- @ i 4MPa — 1 27.25 kJ/kg 


h 4 = h 3 =127.25 kJ/kg (throttling) 


The rate of heat supply to the house is determined from 



q h = rh(h 2 -h 3 ) = (0. 25 kg/s)(282. 60 - 127.25) kJ/kg = 38.8 kW 


(b) 

0 c ) 


The 


The 


volume flow rate of the refrigerant at the compressor inlet is 
=mi/j = (0.25 kg/s)(o. 063681 m 3 /kg)= 0.0159 m 3 /s 
COP of t his heat pump is determined from 


COP R = 




hn - h' 


W in h 2~ h \ 


282.60- 127.25 

282.60- 251.93 
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11-107 A large refrigeration plant that operates on the ideal vapor-compression cycle with refrigerant- 134a as the working 
fluid is considered. The mass flow rate of the refrigerant, the power input to the compressor, and the mass flow rate of the 
cooling water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( a ) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A- 12 and A- 13), 


P x =120kPaUi = hg @ i20kPa = 236.99 kJ/kg 
sat. vapor j .S', =s g@ 120 kPa = 0.94789 kJ/kg • K 


P, = 0.7 MPa 1 


2 

s 2 ~ s \ 




h 2 = 273.52 kJ/kg (t 2 = 34.95°C) 


h 2 — hf @ o.7 MPa — 88.82 kJ/kg 


P 3 = 0.7 MPa 1 
sat. liquid j 

h 4 = h 3 =88.82 kJ/kg (throttling) 

The mass flow rate of the refrigerant is determined from 
Q l lOOkJ/s 


m = 


h x - h 4 (236.99 - 88.82) kJ/kg 


= 0.6749 kg/s 



( b ) The power input to the compressor is 

W in =m(h 2 - /;, ) = (0.6749 kg/s)(273.52 - 236.99) kJ/kg = 24.7 kVV 

(c) The mass flow rate of the cooling water is determined from 

q h = m{h 2 ~h 3 )= (0.6749 kg/s)(273.52 - 88.82) kJ/kg = 124.7 kW 


^cooling 


Q 


H 


124.7 kJ/s 


(c p AD water (4.18 kJ/kg • °C)(8°C) 


= 3.73 kg/s 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



11-77 


11-108 



investigated. 


Problem 11-107 is reconsidered. The effect of evaporator pressure on the COP and the power input is to be 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

"P[1]=120 [kPa]" 

P[2] = 700 [kPa] 

Q_dot_in= 100 [kW] 

DELTAT_cw = 8 [C] 

C_P_cw = 4.18 [kJ/kg-K] 

Fluid$- R134a' 

Eta_c=1 .0 "Compressor isentropic efficiency" 

"Compressor" 

h[1]=enthalpy(Fluid$,P=P[1],x=1) "properties for state 1" 

s[1]=entropy(Fluid$,P=P[1],x=1) 

T[1]=temperature(Fluid$,h=h[1],P=P[1]) 

h2s=enthalpy(Fluid$,P=P[2],s=s[1]) "Identifies state 2s as isentropic" 
h[1]+Wcs=h2s "energy balance on isentropic compressor" 
Wc=Wcs/Eta_c"definition of compressor isentropic efficiency" 
h[1]+Wc=h[2] "energy balance on real compressor-assumed adiabatic" 
s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2" 
{h[2]=enthalpy(Fluid$,P=P[2],T=T[2]) } 
T[2]=temperature(Fluid$,h=h[2],P=P[2]) 

Wd ot_c= md ot*Wc 

"Condenser" 

P[3] = P[2] 

h[3]=enthalpy(Fluid$,P=P[3],x=0) "properties for state 3" 
s[3]=entropy(Fluid$,P=P[3],x=0) 
h[2]=Qout+h[3] "energy balance on condenser" 
Q_dot_out=m_dot*Qout 

"Throttle Valve" 

h[4]=h[3] "energy balance on throttle - isenthalpic" 
x[4]=quality(Fluid$,h=h[4],P=P[4]) "properties for state 4" 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) 
T[4]=temperature(Fluid$,h=h[4],P=P[4]) 

"Evaporator" 

P[4]= P[1] 

QJn + h[4]=h[1] "energy balance on evaporator" 

Qdotin=md ot* Qi n 
COP=Q_dot_in/W_dot_c "definition of COP" 

COP_plot = COP 
Wdotin = Wdotc 

md otcw* CPc w* D E LT ATc w = Qdotout 
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Pi fkPal 

COP 

W c fkWl 

120 

4.056 

24.65 

150 

4.743 

21.08 

180 

5.475 

18.26 

210 

6.271 

15.95 

240 

7.147 

13.99 

270 

8.127 

12.31 

300 

9.236 

10.83 

330 

10.51 

9.516 

360 

11.99 

8.339 

390 

13.75 

7.274 



P[1] [kPa] 
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11-109 A large refrigeration plant operates on the vapor-compression cycle with refrigerant- 134a as the working fluid. The 
mass flow rate of the refrigerant, the power input to the compressor, the mass flow rate of the cooling water, and the rate of 
exergy destruction associated with the compression process are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The refrigerant enters the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser 
as saturated liquid at the condenser pressure. From the refrigerant tables (Tables A- 12 and A- 13), 


P x =120kPaUi =h g@ i20kPa =236.99 kJ/kg 
sat. vapor J ^ ^ @ i20kPa = 0-94789 kJ/kg • K 


Pi 

s 2 


= 0.7 MPa 

= s i 



= 273.52 kJ/kg (t 2 = 34.95°C) 


p —Q7 MPa 1 

sat. liquid } /!3 = hf @ o.7MPa = 88.82 kJ/kg 
h 4 =h 3 =88.82 kJ/kg (throttling) 


The mass flow rate of the refrigerant is determined from 


Q l lOOkJ/s 

/;, -h 4 ~ (236.99 -88.82) kJ/kg 


0.6749 kg/s 



(b) The actual enthalpy at the compressor exit is 


h i , ~ h \ 

h 2 — hi 


> h 2 = h 4 + (h 2s - h 4 )/ tj c = 236.99 + (273.52 
= 285.70 kJ/kg 


236. 99)/(0.75) 


Thus, 

W in =m(h 2 - h } )= (0.6749 kg/s)(285. 70- 236.99) kJ/kg = 32.9 kYV 
(c) The mass flow rate of the cooling water is determined from 

Q h =m(h 2 - /z 3 ) = (0.6749 kg/s)(285.70- 88.82) kJ/kg = 132.9 kW 

Q h 132.9 kJ/s 


and 


^cooling 


= 3.97 kg/s 


( c pA7’) water (4. 1 8 kJ/kg • °C)(8 0 C) 

The exergy destruction associated with this adiabatic compression process is determined from 


X. 


destroyed 


= 7 0‘Sgen = T 0 m(s 2 -St) 


where 


P 2 = 0.7 MPa 
h 2 = 285.70 kJ/kg 


= 0.98665 kJ/kg • K 


Thus, 


^destroyed = (298 8^0.6749 kg/sXo.98665 - 0.94789) kJ/kg • K = 7.80 kW 
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11-110 An ideal vapor-compression refrigeration cycle with refrigerant-22 as the working fluid is considered. The 
evaporator is located inside the air handler of building. The hardware and the T-s diagram for this heat pump application are 
to be sketched. The COP of the unit and the ratio of volume flow rate of air entering the air handler to mass flow rate of R- 
22 through the air handler are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant-22 data from the problem statement, 



27°C 


r, = -5°C 1 h x =h g@ _ 5 o C = 248. 1 kJ/kg 
sat. vapor J = s g @ _ 5 o C = 0.9344 kJ/kg • K 

P 2 = 1728 kPa 

sit liquid kPa } hi = hf ® 1728kPa = 101 kJ/kg 
h 4 = h 3 = 101 kJ/kg (throttling) 

( b ) The COP of the refrigerator is determined from its definition, 

COP R -I^ = ^i, 248 - 1 ~ 101 =4.13 

w in h 2~ h \ 283.7-248.1 

(c) An energy balance on the evaporator gives 

Q l = m R (h x -h 4 ) = m a c AT = — c AT 

(/ 

a 

Rearranging, we obtain the ratio of volume flow rate of air entering the air handler to mass flow rate of R-22 through the air 
handler 

V a _ h x -h 4 (248.1-101) kJ/kg 

m R (l/v)c p AT (1/ 0.8323 m 3 /kg)(l. 005 kJ/kg -K))(20K) 

= 6.091 (m 3 air/s)/ (kg R22/s) 

= 365(m 3 air/min)/(kgR22/s) 

Note that the specific volume of air is obtained from ideal gas equation taking the pressure of air to be 100 kPa (given) and 
using the average temperature of air (17°C = 290 K) to be 0.8323 m 3 /kg. 


| h 2 = 283.7 kJ/kg 
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11-111 An air-conditioner with refrigerant- 134a as the refrigerant is considered. The temperature of the refrigerant at the 
compressor exit, the rate of heat generated by the people in the room, the COP of the air-conditioner, and the minimum 
volume flow rate of the refrigerant at the compressor inlet are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and 
potential energy changes are negligible. 34°C 

Analysis ( a ) From the refrigerant- 1 34a tables (Tables A-l 1 through A- 13) 


P x =500 kPa 

X] = 1 

P 2 = 1200 kPa 

^2 “ ^1 


. h x = 259.36 kJ/kg 

\ 

>i/ 1 =0.041 17 kJ/kg 
J .Vi = 0.9242 kJ/ks 

3 

Condenser 


1200 kPa 


2 


h 2s = 277.45 



Expansion 

valve 


^3 - ^/@ 1200kPa - 1 17.79 kJ/kg 


h 4 =h 3 =117.79 kJ/kg 
Pc = 


h 2s ~ h \ 


0.75 = 


h 2 -h x 

277 .45 - 259.36 


h 2 - 259.36 

P 2 = 1200 kPa 
h 2 =283.48 kJ/kg 

( b ) The mass flow rate of the refrigerant is 


> h 2 = 283.48 kJ/kg 



26°C 


To =54.5°C 


V 


(lOOL/min) 


m = 


( i 3 A 

1 m 

l min^ 

1000 

v 60s y 


C/i 


= 0.04048 kg/s 


'1 0.041 17 nrVkg 

The refrigeration load is 

Q l = m(h x -h 4 ) = (0.04048 kg/s)(259.36-117.79)kJ/kg = 5.73 IkW 



which is the total heat removed from the room. Then, the rate of heat generated 
by the people in the room is determined from 

Cpeople^ “Cheat "Gequip = (5-731 -250/60 — 0.9) kW = 0.665kW 

(c) The power input and the COP are 

W in = m(h 2 -h x ) = (0.04048 kg/s)(283.48 - 259.36)kJ/kg = 0.9764 kW 


COP = 


Q 


L 


5.731 


= 5.87 


W in 0.9764 
(d) The reversible COP of the cycle is 

1 


COP rev = 


1 


T H IT L - 1 (34 + 273) /(26 + 273) - 1 

The corresponding minimum power input is 

Q l 5.73 IkW 


= 37.38 


W: 


in, min 


COP, 


rev 


37.38 


= 0.1533 kW 


The minimum mass and volume flow rates are 


^min 


w 

in, min 

h 2 - h x 


0.1533 kW 


(283.48 - 259.36)kJ/kg 


= 0.006358 kg/s 


= rn mm i/, = (0.006358 kg/s)(0.041 17 m 3 /kg) = (0.0002618 m 3 /s) = 1 5.7L/min 
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11-112 An air conditioner operates on the vapor-compression refrigeration cycle. The rate of cooling provided to the space, 
the COP, the isentropic efficiency and the exergetic efficiency of the compressor, the exergy destruction in each component 
of the cycle, the total exergy destruction, the minimum power input, and the second-law efficiency of the cycle are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) The properties of R-134a are (Tables A-l 1 through A-13) 


^sat@180kPa ” 12.7°C 


P x = 180 kP a 

T x = -12.7 + 2.7 = 10°C 


h x = 245.15 kJ/kg 
s x = 0.9484 kJ/kg -K 


P 2 = 1200 kPa 

*i =*i 

P 2 =1200 kPa 
T 2 = 60°C 


h 2s = 285.34 kJ/kg 

h 2 = 289.66 kJ/kg 
' s 2 = 0.9615 kJ/kg -K 


T. 


0 = 46.3°C 


sat@1200kPa 

P 3 = 1200 kPa 
T 3 =463 -63 = 40°C 
h 4 =h 3 = 108.27 kJ/kg 
P 4 =180 kPa 
h 4 =108.26 kJ/kg 


h 3 = h y @ 40 o C = 108.27 kJ/kg 


So = s 


f@ 40 


o C = 0.3949 kJ/kg • K 


P 4 =0.4229 kJ/kg -K 



The cooling load and the COP are 


Q L =m(h x - h 4 ) = (0.06 kg/s)(245.15 - 108.27)kJ/kg = 8.213 kW 


= (8.213 kW) 


3412Btu/h 

lkW 


A 


28,020Btu/h 


q h = m(h 2 -h 3 ) = (0.06 kg/s)(289.66 - 108.27)kJ/kg = 10.88 kW 
W in = m(h 2 -h x ) = (0.06 kg/s)(289.66 - 245. 15)kJ/kg = 2.670 kW 


COP = 




8213kW =3.076 

2.670 kW 


(b) The isentropic efficiency of the compressor is 


h 2 , ~ h l 

h 2 — h x 


285.34-245.15 

289.66-245.15 


= 0.903 = 90.3% 


The reversible power and the exergy efficiency for the compressor are 
W m , = m[(h 2 -h t )~ T 0 (s 2 - s, )] 

= (0.06 kg/s)[(289.66 - 245.15)kJ/kg - (310 K)(0.9615 - 0.9484)kJ/kg • k] 
= 2.428 kW 


Pex^C ~ 




rev 


W: 


in 


2.428 kW 
2.670 kW 


= 0.909 = 90.9% 


(c) The exergy destruction in each component of the cycle is determined as follows 
Compressor: 

^gen,^2 = Ms 2 ~ ^ ) = (0.06 kg/s)(0.9615 - 0.9484) kJ/kg • K = 0.0007827 kW/K 


Eldest, k2 =r 0 5gen,i.2 = (3 10 K)(0.0007827 kW/K) = 0.2426kW 
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Condenser: 

5 2 _ 3 = m(s 3 - s 2 ) + — = (0.06 kg/s )(0. 3949 - 0.9615) kJ/kg • K + 1(188 kW = 0.001 1 14 kW/K 

T H 3 1 0 K 

Eldest, 2-3 =^0^gen,2-3 = (3 10 K)(0. 001 1 14 kJ/kg • K) = 0.3452k W 
Expansion valve: 

S gen3 _ 4 = -s 3 ) = (0.06 kg/s)(0.4229 - 00.3949) kJ/kg • K = 0.001678 kW/K 

Ex des t ^4 =^ gen ,M =(310 K)(0.001678 kJ/kg -K) = 0.5202kJ/kg 
Evaporator: 

S 4 _! = -S 4 )~^ = (0.06 kg/s)(0.9484 - 0.4229) kJ/kg • K - 8,213 kW = 0.003597 kW/K 

T l 294 K 

Ex destM =T 0 S genM = (310 K)(0. 003597 kJ/kg • K) = 1 .1 1 5kW 

The total exergy destruction can be determined by adding exergy destructions in each component: 

^dest, total “ ^Xiest,l-2 + ^dest,2-3 + ^dest,3-4 + ^dest,4-l 

= 0.2426 + 0.3452 + 0.5202 + 1.115 

= 2.223kW 


(d) The exergy of the heat transferred from the low-temperature medium is 


Ex Q, = -Ql 


1- 


Tr 


T 


= -(8.213 kW) 


l J 


1- 


310 

294 


\ 


= 0.4470 kW 


This is the minimum power input to the cycle: 


= Ex & =0. 4470k W 


The second-law efficiency of the cycle is 


V n = 


W: 


in, min 


W: 


in 


0.4470 

2.670 


= 0.167 = 16.7% 


The total exergy destruction in the cycle can also be determined from 
&de St , total = - EXq l = 2-670 - 0.4470 = 2.223 kW 

The result is the same as expected. 
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11-113 A two-stage compression refrigeration system using refrigerant- 134a as the working fluid is considered. The fraction 
of the refrigerant that evaporates as it is throttled to the flash chamber, the amount of heat removed from the refrigerated 
space, the compressor work, and the COP are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The flashing 
chamber is adiabatic. 


Analysis (a) The enthalpies of the refrigerant at several states are determined from the refrigerant tables to be (Tables A-l 1, 
A- 12, and A- 13) 


h x = 236.99 kJ/kg, h 2 = 266.29 kJ/kg 
h 3 = 259.36 kJ/kg, 

h 5 = 127.25 kJ/kg, h 6 = 127.25 kJ/kg 
h 7 = 73.32 kJ/kg, h s = 73.32 kJ/kg 

The fraction of the refrigerant that evaporates as it is 
throttled to the flash chamber is simply the quality at state 6, 

= 127.25- 73.32 =a2899 
h fg 186.04 

( b ) The enthalpy at state 9 is determined from an energy 
balance on the mixing chamber: 

f. _ 77 -A F <^0 (steady) _ q p _ p 

^out “ system — u ^ ^in “ ^out 

X = 'Yj m , h , 

(l )h 9 = x 6 hi + 0 - *6 ) h 2 
h 9 = (0.2899 )(259.36)+ (l - 0.2899 )(266.29) 



264.28 kJ/kg 


P9 

h 9 


= 0.5 MPa 
= 264.28 kJ/kg 


= 0.94108 kJ/kg -K 


Also, 


Pa 

S A 


= 1.4 MPa 

= s 9 =0.94108 kJ/kg -K 


\h A =286.19 kJ/kg 


Then the amount of heat removed from the refrigerated space and the compressor work input per unit mass of refrigerant 
flowing through the condenser are 

q L =(l~x 6 Xh l — /i 8 )= (1-0.2899 )(236.99 -73.32) kJ/kg = 116.2kJ/kg 

Win = w compI , in + w comp]Lin = (1 - x 6 \h 2 - hi)+(l\h 4 - h 9 ) 

= (l - 0.2899)(266.29 - 236.99) kJ/kg + (1)(286. 19 - 264. 28) kJ/kg 

= 42.72 kJ/kg 

(c) The coefficient of performance is determined from 

CQP R =^= 116 - 2kJ/kg =2.72 
w in 42.72 kJ/kg 
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11-114E A two-evaporator compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The 
cooling load of both evaporators per unit of flow through the compressor and the COP of the system are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 
Kinetic and potential energy changes are negligible. 

Analysis From the refrigerant tables (Tables A-l IE, A- 
12E, and A-13E), 


2 


Condenser 


P 3 = 160 psia 
sat. liquid 


h 3 = h f@ leopsia = 48.527 Btu/lbm 


1 + 


h 4 = h 6 = h 3 = 48.527 Btu/lbm (throttling) 



T 5 = 30°F 
sat. vapor 

r 7 = -29.5°F 
sat. vapor 


h 5 = h g @ 30 o F = 107.42 Btu/lbm 


7 


h i = h g 


- 29 . 5 °f =98.69 Btu/lbm 


Compressor 


Expansion 

valve 


Evaporator 1 


Expansion 

valve 


4 


{X} 


Expansion 

valve 


Evaporator 2 


tx 


For a unit mass flowing through the compressor, the 
fraction of mass flowing through Evaporator II is denoted 
by x and that through Evaporator I is y (y = l-x). From the 
cooling loads specification, 

Ql,q \ apl ap2 

x(h 5 -h 4 ) = 2y(h 1 -h 6 ) 

where x = 1 - y 

Combining these results and solving for y gives 


y = 


h 5 - h 4 


107.42-48.527 



= 0.3699 


2 (h 7 -h 6 ) + (h 5 - h 4 ) 2(98.69 - 48.527) + (107.42 - 48.527) 

Then, x = 1 - y = 1 - 0.3699 = 0.6301 

Applying an energy balance to the point in the system where the two evaporator streams are recombined gives 


xh 5 + yh 7 — h x > h { = 


xh 5 + yh 7 (0.6301)(107.42) + (0.3699)(98.69) 


Then, 


^1 “ ^sat @ - 29 . = 10 psia 
h x =104.19 Btu/lbm 

P 2 = 160 psia ] 

^2 “ ^1 


1 


s x = 0.2418 Btu/lbm- R 


1 


= 104. 19 Btu/lbm 




h 2 =131.15 Btu/lbm 


The cooling load of both evaporators per unit mass through the compressor is 
q L = x(h 5 -h 4 ) + y(h 7 - h 6 ) 

= (0.6301)(107.42 - 48.527) Btu/lbm+ (0.3699)(98.69 - 48.527) Btu/lbm 

= 55.66Btu/lbm 

The work input to the compressor is 

w in =h 2 -h { = (13 1.15 -104. 19) Btu/lbm= 26.96 Btu/lbm 
The COP of this refrigeration system is determined from its definition, 


COP R = 


q L 55.66 Btu/lbm 


26. 96 Btu/lbm 


= 2.07 


w 


in 
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11-115E A two-evaporator compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The 
process with the greatest exergy destruction is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From Prob. 1 1-1 14E and the refrigerant tables (Tables A-l IE, A-12E, and A-13E), 


.V) = s 2 = 0.2418 Btu/lbm- R 
s 2 = 0.09776 Btu/lbm- R 
s 4 = 0.1024 Btu/lbm- R 
s 5 = 0.2226 Btu/lbm- R 
s 6 =0.1 129 Btu/lbm- R 
s 7 = 0.2295 Btu/lbm - R 
x = 0.6301 
y = l-x = 0.3699 
q L 45 = h 5 - h 4 = 58.89 Btu/lbm 
q L61 =h 7 -h 6 =50. 16 Btu/lbm 
q H = 82.62 Btu/lbm 


The exergy destruction during a process of a stream 
from an inlet state to exit state is given by 


-^dest ^O^gen ^0 S e s i 




in 


^out 


T T 

1 source 1 sink J 



Application of this equation for each process of the cycle gives the exergy destructions per unit mass flowing through the 
compressor: 


-^destroyed 2 3 ^0 


Si ~ So + 


Q H 




T 


= (540 R) 


H J 


0.09776-0.2418 + 


82.62 Btu/lbm 
540 R 


= 4. 82 Btu/lbm 


-^destroy ed346 “ ^0 0^4 + 3^6 ^3 ) 

= (540 RX0.6301 x 0.1024 + 0.3699 x 0.1 129 - 0.09776) Btu/lbm- R 
= 4.60 Btu/lbm 


x d es tro y ed ,4 5 x ^0 


S/l 


QlA5 


T 


= (0.6301)(540 R) 


l J 


0.2226-0.1024- 


58.89 Btu/lbm 
500 R 


= 0.84 Btu/lbm 


•^destroyed, 67 3^0 


Sn St 


$ L,67 


T 


L J 


= (0.3699)(540 R) 

= 0.77 Btu/lbm 

X destroyed ^nixing = ^o( s \ ~ xs 5 ~ y s 7 ) 


7.2295-0.1129- 5 °- 16BtU/lW 

445 R 


= (540 R)[0.2418 - (0.6301)(0.2226) - (0.3699)( 0.2295)] 

= 9.00Btu/lbm 


For isentropic processes, the exergy destruction is zero: 


^destroyed 4 2 0 


The greatest exergy destruction occurs during the mixing process. Note that heat is absorbed in evaporator 2 from a reservoir 
at -15°F (445 R), in evaporator 1 from a reservoir at 40°F (500 R), and rejected to a reservoir at 80°F (540 R), which is also 
taken as the dead state temperature. 
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11-116 A two-stage compression refrigeration system with a separation unit is considered. The rate of cooling and the power 
requirement are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 




Analysis From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 


T x = 8.9°C 1 h x =h g@ 8 9 o C = 255.60 kJ/kg 
sat. vapor ] s l =s g @ g. 9 °c = 0-927 1 1 kJ/kg • K 

h 2 = 281.56 kJ/kg 


Po = 1400 kPa 1 


2 

^2 “ ^1 


i 


P 3 =1400kPa j 


I 


^3 ~ hf @ i400kPa - 127 .25 kJ/kg 


sat. liquid 
h 4 =h 3 = 127.25 kJ/kg (throttling) 


T 5 = 8.9°C 
sat. liquid 


h$ — h y @ g.9°c — 63.91 kJ/kg 


h 6 = h 5 = 63.91 kJ/kg (throttling) 

32 o C = 230.93 kJ/kg 
32 o C =0.95819 kJ/kg -K 


P 7 = -32°C 


h l = h s 


sat. vapor 


^8 _ ^sat@8.9°C 


S Q = S' 


s 7 =s g 

= 400 kPa 


ho =264.51 kJ/kg 


An energy balance on the separator gives 

m 6 (h H - h 5 ) = m 2 (/?, - h 4 ) > m 6 = m 2 ^ = (2 kg/s) 255 ' 60 127 - 25 


h ^5 


264.51-63.91 


= 1.280 kg/s 


The rate of cooling produced by this system is then 

q l =m 6 (h 7 - h 6 ) = (1. 280 kg/s)(230.93- 63.91) kJ/kg = 21 3.7kJ/s 
The total power input to the compressors is 
W in =rn 6^ ~h 7 ) + m 2 (h 2 -h x ) 

= (1.280 kg/s)(264.51 - 230.93) kJ/kg + (2 kg/s)(281.56 - 255.60) kJ/kg 

= 94.9kW 
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11-117 A two-stage vapor-compression refrigeration system with refrigerant- 134a as the working fluid is considered. The 
process with the greatest exergy destruction is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From Prob. 11-116 and the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 

s x =s 2 =0.9271 1 kJ/kg-K 
s 3 = 0.45325 kJ/kg-K 
s 4 = 0.47207 kJ/kg • K 
s 5 = 0.24752 kJ/kg • K 
s 6 = 0.26564 kJ/kg-K 
s 7 = s 8 =0.95819 kJ/kg-K 

'"upper = 2 k g /s 
""'lower = 1 -280 kg/s 

q l = h-j ~ h 6 = 167.02 kJ/kg 
q H =h 2 -h 3 =154.31 kJ/kg 
T l = -22 + 273 = 251 K 
T h = T 0 = 20 + 273 = 293 K 



The exergy destruction during a process of a stream from an inlet state to exit 
state is given by 


-^dest — -^O^gen — -^0 


s e -Si 


Vi 


in 


T. 


source 


^out 


^sink ) 


Application of this equation for each process of the cycle gives 


Z 


destroyed 2 3 


y 

destroyed 3 4 

y 

destroy ed3 6 

y 

destroyed, 67 


z 


destroyed^ ep arato r 


^upper^O 


-^ 2 + 


Qh 


T 


H J 


(2kg/s)(298 K) 

30.94kW 


0.45325-0.92711 + 


154.31 kJ/kg 
293 K 


^upper^O (^4 
^lower^O ( s 6 

m lower -^0 


-s 3 ) = (2 kg/s)(293 K)(0.47207 - 0.45325) kJ/kg • K = 1 1 .03 kW 
-s 5 ) = (l .280 kg/s)(293 K)(0.26564 - 0.24752) kJ/kg • K = 6.793 kW 


(1.280kg/s)(293 K) 


0.95819-0.26564 


167.02 kJ/kg" 
251 K , 


10.18 kW 

^0 flower ( S 5 ~ 5 b) + ^upper^l “ ^4)] 

(293 K)[(1.280 kg/s)(0. 24752 - 0.95819) + (2 kg/s)( 0.9271 1 - 0.47207)] 
0.197 kW 


For isentropic processes, the exergy destruction is zero: 

-^destroyed! 2 — ^ 

^destroyed,? 8 — ^ 


Note that heat is absorbed from a reservoir at -22°C (251 K) and rejected to the standard ambient air at 20°C (293 K), which 
is also taken as the dead state temperature. The greatest exergy destruction occurs during the condensation process. 
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11-118 An aircraft on the ground is to be cooled by a gas refrigeration cycle operating with air on an open cycle. The 
temperature of the air leaving the turbine is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room temperature. 3 
Kinetic and potential energy changes are negligible. 

Properties The specific heat ratio of air at room temperature is k = 1.4 (Table A-2). 


Analysis Assuming the turbine to be isentropic, the air temperature at the turbine exit is determined from 


r 4 =r 3 


f p ^ 

M 

\ p ij 


(k-l)/k 


= (343 K) 


/ 100 kPa 


\ 0 . 4 / 1. 4 


250 kPa 


= 264 K = -9.0°C 
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11-119 A regenerative gas refrigeration cycle with helium as the working fluid is considered. The temperature of the helium 
at the turbine inlet, the COP of the cycle, and the net power input required are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Helium is an ideal gas with constant specific heats at room temperature. 
3 Kinetic and potential energy changes are negligible. 


Properties The properties of helium are c p = 5.1926 kJ/kg-K 
and k = 1.667 (Table A-2). 

Analysis (a) The temperature of the helium at the turbine inlet is 
determined from an energy balance on the regenerator, 


__ a/ 7 <^0 (steady) _ n 

— ZAZL system — U 


^in — ^out 


Y ™e h e = Y m ‘ hl > m ^3 - h 4 ) = w(/i| - h 6 ) 


or, 

,hc p ( T 3 - : T 4 ) = thc p i T l ~ T 6 ) » T i- T A= T \- T 6 

Thus, 

T 4 =T 3 -r, +T 6 = 20°C - (- 1 0°c) + (- 25°C) = 5°C = 278 K 



( b ) From the isentropic relations, 

f „ \(k-l)/k 


T 2 = 7 1 


t 5 = t 4 


= (263 K)(3) 


,0.667/1.667 


= 408.2 K=135.2°C 


(k-l)/k 


0.667/1.667 


= (278 K)f - | =179.1 K = -93.9°C 


Then the COP of this ideal gas refrigeration cycle is determined from 

COP — ClL h 6~ h 5 

R w netin w compin -w tuAout (h 2 -h x )-{h 4 -h 5 ) 

T 6 -T 5 _ -25°C-(-93.9°C) 

~ ( T i - t 5 )~ 


(c) The net power input is determined from 

Wnct,,n = ^compin -^tu*,out = ljl [( h 2 ~ h \ )“ ( h 4 ~ h 5 )] 

= mC p[( T 2 - T \)-( T 4 -T’s)] 

= (0.45 kg/s)(5. 1 926 kJ/kg • °C )([l 35 . 2 - (- 1 0)] - [5 - (- 93. 9)]) 

= 108.2 kW 
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11-120 An absorption refrigeration system operating at specified conditions is considered. The minimum rate of heat supply 
required is to be determined. 

Analysis The maximum COP that this refrigeration system can have is 


COP 


R,max 


f T \ 

1 ° 

f T \ 


f 298 K"| 

( 275 ^ 

T 

V s J 

K T 0 ~ T Ly 


l 368 kJ 

1 298-275J 


2.274 


Thus, 


^genjnin 



COP 


R,max 


28 kW 
2.274 


= 12.3 kW 


11-121 



Problem 11-120 is reconsidered. The effect of the source temperature on the minimum rate of heat supply is 


to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data:" 

T_L = 2 [C] 

T_0 = 25 [C] 

T_s = 95 [C] 

Q_dot_L = 28 [kW] 

"The maximum COP that this refrigeration system can have is:" 
COP_R_max = (l-(TJ+273)/(T_s+273))*((T_L+273)/(T_0 - T_L)) 
"The minimum rate of heat supply is:" 

Q_dot_gen_min = Q_dot_L/COP_R_max 



T s [C] 


Ts 

[Cl 

Qgenmin 

[kW] 

50 

30.26 

75 

16.3 

100 

11.65 

125 

9.32 

150 

7.925 

175 

6.994 

200 

6.33 

225 

5.831 

250 

5.443 
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11-122 A regenerative gas refrigeration cycle using air as the working fluid is considered. The effectiveness of the 
regenerator, the rate of heat removal from the refrigerated space, the COP of the cycle, and the refrigeration load and the 
COP if this system operated on the simple gas refrigeration cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 

Analysis {a) For this problem, we use the properties of air from EES. Note that for an ideal gas enthalpy is a function of 
temperature only while entropy is functions of both temperature and pressure. 


T x = 0°C 

P x =100 kPa 
T x = 0°C 

P 2 = 500 kPa 
s 2 = ^1 


->h x = 273.40 kJ/kg 
>s x = 5.61 10 kJ/kg. K 

>h 2s =433.50 kJ/kg 


Pc = 

0.80 = 
h 2 = 


h 2s ~ h x 
h 2 -h x 

433.50-273.40 
h 2 -273.40 
473.52 kJ/kg 


T 3 = 35°C >h 3 =308.63 kJ/kg 


For the turbine inlet and exit we have 



T 5 =-80°C >h 5 =193.45 kJ/kg 

r 4 = ? >h 4 = 

h 4 - he 

Pt 

K-K 


Px 

Tx 

Pa 

Ta 

Ps 

s 5 


= 100 kPa 
= 0°C 

= 500 kPa 


>Si 


= 5.61 10 kJ/kg. K 


= ? 


f S A = 


= 500 kPa 




We can determine the temperature at the turbine inlet from EES using the above relations. A hand solution would require a 
trial-error approach. 

T 4 = 281.8 K, h 4 = 282.08 kJ/kg 

An energy balance on the regenerator gives 

h 6 =h x -h 3 +h 4 = 273.40 - 308.63 + 282.08 = 246.85 kJ/kg 

The effectiveness of the regenerator is determined from 

h 3 —h 4 308.63-282.08 n 

^reaen = = = 0.430 

s h 3 -h 6 308.63-246.85 

(. h ) The refrigeration load is 

Q L =m(h 6 -h 5 ) = (0.4kg/s)(246.85-193.45)kJ/kg = 21 .36kW 
(c) The turbine and compressor powers and the COP of the cycle are 
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W c . n = m(h 2 -h { ) = (0.4 kg/s)(473.52-273.40)kJ/kg = 80.05 kW 
W Tout = ™( h 4 -h 5 ) = (0.4kg/s)(282.08-193.45)kJ/kg = 35.45 kW 
Ql Ql 21.36 


COP = 


= 0.479 


^neun ^C4n -^T,out 80.05 -35.45 

(d) The simple gas refrigeration cycle analysis is as follows: 

h x = 273.40 kJ/kg 
h 2 =473.52 kJ/kg 
h 3 = 308.63 kJ/kg 

P 3 =500 kPa 


T 3 = 35°C 


P x = 100 kPa 

s 4 “ ^3 


71 T = 


h 3 - h 4 


s 3 = 5.2704 kJ/kg 

=194.52 kJ/kg.K 

308.63 — /z 



h 3 ~Ks 


>0.85 = 


4 


308.63-194.52 


->/r 4 =21 1.64 kJ/kg 


0/ =m(/ii -h 4 ) = (0.4kg/s)(273.40-211.64)kJ/kg = 24.70kW 

M/ ncti , n = m(/r 2 -hQ-mQi^ -h A ) = (0.4 kg/s)[(473.52 - 273.40) - (308. 63-211 .64)kJ/kg] = 41 .25 kW 
Ql 24.70 


COP = ^ 


= 0.599 


W neUn 41.25 


The complete EES code for the solution of this problem is given next: 


"GIVEN" 

r=5 

T[1]=(0+273.1 5) [K] 

T[3]=(35+273.15) [K] 

T[5]=(-80+273.1 5) [K] 
m_dot=0.4 [kg/s] 
eta_C=0.80 
eta_T=0.85 

P_1=100 [kPa] "assumed" 

P_2=P_1*r 

"PROPERTIES" 

Fluid$='Air' 

h[1]=enthalpy(Fluid$, T=T[1 ]) 
s_1=entropy(Fluid$, T=T[1], P=P_1) 
h[3]=enthalpy(Fluid$, T=T[3]) 
h[5]=enthalpy(Fluid$, T=T[5]) 

"ANALYSIS" 

h_2s=enthalpy(Fluid$, P=P_2, s=s_1) 

h[2]=h[1 ]+(h_2s-h[1 ])/eta_C 

h[4]=enthalpy(Fluid$, T=T[4]) 

h[4]=h[5]+eta_T*(h[4]-h_5s) 

h_5s=enthalpy(Fluid$, P=P_1 , s=s_4) 

s_4=entropy(Fluid$, T=T[4], P=P_2) 

h[6]=h[1]-h[3]+h[4] "energy balance on the regenerator" 
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epsilon _regen=(h[3]-h[4])/(h[3]-h[6]) "regenerator effectiveness" 
Q_dot_L=m_dot*(h[6]-h[5]) "refrigeration load" 

W_dot_n et i n =' W_d ot_C _i n - W_d ot_T_o u t 

W_dot_C_in=m_dot*(h[2]-h[1 ]) 

W_dot_T_out=m_dot*(h[4]-h[5]) 

C O P = Q_do t_L/ W_d o t_n et in "COP of cycle" 

"Simple gas refrigeration cycle analysis, the subscript 'a' is used" 

h_a[1]=h[1] 

h_a[2]=h[2] 

h_a[3]=h[3] 

s_3_a=entropy(Fluid$, h=h_a[3], P=P_2) 
h_4s_a=enthalpy(Fluid$, P=P_1, s=s_3_a) 
h_a[4]=h_a[3]-eta_T*(h_a[3]-h_4s_a) 

Q_dot_L_a=m_dot*(h_a[1 ]-h_a[4]) 

W_dot_in_net_a=m_dot*(h_a[2]-h_a[1])-m_dot*(h_a[3]-h_a[4]) 
COP a=Q dot L a/W dot in net a 
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11-123 An innovative vapor-compression refrigeration system with a heat exchanger is considered. The system’s COP is to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


2 




Analysis From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 


P 3 = 900 kPa ] 


sat. liquid J lh ~ kfm 900kPa “ 101 ' 62 kJ/kg 


^4 “ ^sat @ 900kPa 1 1 

= 35.51 -5.51 = 30°C 
P 4 = 900 kPa 


\ h 4 =h f@ 30 o C =93.58 kJ/kg 


h 5 = h 4 =93.58 kJ/kg (throttling) 

T 6 = -10.09°C ] K = h g @ -io.o 9 °c = 244.50 kJ/kg 
sat. vapor 


^6 ~ Aat @ -io.o9 , c “ 200 kPa 


An energy balance on the heat exchanger gives 


Then, 


m{h x -h 6 ) = m(h 3 - h 4 ) >h x =h 3 -h 4 +h 6 = 101.62-93.58 + 244.50 = 252.54 kJ/kg 


P = 200 kPa 


1 } s } = 0.9679 kJ/kg • K 

h x = 252.54 kJ/kg r 1 5 


A = 900 kPa ] 


2 

^2 “ ^1 


/ 


/i 2 = 285.37 kJ/kg 


The COP of this refrigeration system is determined from its definition, 

q L h 6 -h 5 244.50-93.58 


COP R = 


W 


in 


h 2 - h x 285.37 - 252.54 


= 4.60 
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11-124 An innovative vapor-compression refrigeration system with a heat exchanger is considered. The system’s COP is to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


2 




Analysis From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 


P 3 = 900 kPa 
sat. liquid 


^3 -hf @ 900kPa -101-62 kJ/kg 


^4 - ^sat @ 900kPa 9.51 


= 35.51-9.51 = 26°C 
P 4 = 900 kPa 


!> h 4 = hj- @ 26 o C 


= 87.82 kJ/kg 


h 5 = h 4 =87.82 kJ/kg (throttling) 

T 6 = -10.09°C 1 K =h g @ -io. 09 °c = 244 - 50 kJ/ kg 
sat. vapor j P 6 = P sat @ -io.q^c = 200 kPa 


An energy balance on the heat exchanger gives 


Then, 


m(/zj -h 6 ) = m(h 3 - h 4 ) >h x =h 3 -h 4 +h 6 =101.62 -87.82 + 244.50 = 258.29 kJ/kg 


R = 200 kPa 


1 } s } = 0.9888 kJ/kg • K 

h { = 258.29 kJ/kg r 1 5 


A = 900 kPa 1 


2 

^2 “ ^1 


/ 


h 2 =292.19 kJ/kg 


The COP of this refrigeration system is determined from its definition, 

q L h 6 -h 5 244.50-87.82 


COP R = 


w in h 2 -h { 292.19-258.29 


= 4.62 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 






11-97 

11-125 An ideal gas refrigeration cycle with with three stages of compression with intercooling using air as the working 
fluid is considered. The COP of this system is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis From the isentropic relations, 





The COP of this ideal gas refrigeration cycle is determined from 
COP R = = — 

^ net, in ^compjn ^tuit),out 

= >h ~K 

(h 2 -h i ) + (h 4 -h 3 ) + (h 6 -h 5 )~ (h 7 - h & ) 

= ^ 

(t 2 -r 1 )+2(r 4 -t 3 )-(t 7 -r 8 ) 

243-54.3 

~ (423.7 - 243) + 2(502.2 - 288) - (288 - 54.3) 

= 0.503 
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11-126 



The effect of the evaporator pressure on the COP of an ideal vapor-compression refrigeration cycle with R- 


134a as the working fluid is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

P[1]=1 00 [kPa] 

P[2] = 1400 [kPa] 

Fluid$='R134a' 

Eta_c=1.0 "Compressor isentropic efficiency" 

"Compressor" 

h[1]=enthalpy(Fluid$,P=P[1],x=1) "properties for state 1" 
s[1]=entropy(Fluid$,P=P[1],x=1) 

T[1 ]=temperature(Fluid$,h=h[1 ], P=P[1 ]) 

h2s=enthalpy(Fluid$,P=P[2],s=s[1]) "Identifies state 2s as isentropic" 
h[1]+Wcs=h2s "energy balance on isentropic compressor" 
W_c=Wcs/Eta_c"definition of compressor isentropic efficiency" 
h[1]+W_c=h[2] "energy balance on real compressor-assumed adiabatic" 
s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2" 
T[2]=temperature(Fluid$,h=h[2],P=P[2]) 

"Condenser" 

P[3] = P[2] 

h[3]=enthalpy(Fluid$,P=P[3],x=0) "properties for state 3" 

s[3]=entropy(Fluid$,P=P[3],x=0) 

h[2]=Qout+h[3] "energy balance on condenser" 

"Throttle Valve" 

h[4]=h[3] "energy balance on throttle - isenthalpic" 
x[4]=quality(Fluid$,h=h[4],P=P[4]) "properties for state 4" 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) 
T[4]=temperature(Fluid$,h=h[4],P=P[4]) 

"Evaporator" 

P[4]= P[1] 

QJn + h[4]=h[1] "energy balance on evaporator" 

"Coefficient of Performance:" 

COP=Q in/W c "definition of COP" 



P[1] [kPa] 


Pi 

fkPal 

COP 

n c 

100 

1.937 

i 

150 

2.416 

i 

200 

2.886 

i 

250 

3.363 

i 

300 

3.859 

i 

350 

4.384 

i 

400 

4.946 

i 

450 

5.555 

i 

500 

6.22 

i 
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11-127 



The effect of the condenser pressure on the COP of an ideal vapor-compression refrigeration cycle with R- 


134a as the working fluid is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

P[1]=1 50 [kPa] 

P[2] = 400 [kPa] 

Fluid$='R134a' 

Eta_c=0.7 "Compressor isentropic efficiency" 

"Compressor" 

h[1]=enthalpy(Fluid$,P=P[1],x=1) "properties for state 1" 
s[1]=entropy(Fluid$,P=P[1],x=1) 

T[1 ]=temperature(Fluid$,h=h[1 ],P=P[1 ]) 

h2s=enthalpy(Fluid$,P=P[2],s=s[1]) "Identifies state 2s as isentropic" 
h[1]+Wcs=h2s "energy balance on isentropic compressor" 
W_c=Wcs/Eta_c"definition of compressor isentropic efficiency" 
h[1]+W_c=h[2] "energy balance on real compressor-assumed adiabatic" 
s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2" 
T[2]=temperature(Fluid$,h=h[2],P=P[2]) 

"Condenser" 

P[3] = P[2] 

h[3]=enthalpy(Fluid$,P=P[3],x=0) "properties for state 3" 

s[3]=entropy(Fluid$,P=P[3],x=0) 

h[2]=Qout+h[3] "energy balance on condenser" 

"Throttle Valve" 

h[4]=h[3] "energy balance on throttle - isenthalpic" 
x[4]=quality(Fluid$,h=h[4],P=P[4]) "properties for state 4" 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) 
T[4]=temperature(Fluid$,h=h[4],P=P[4]) 

"Evaporator" 

P[4]= P[1] 

QJn + h[4]=h[1] "energy balance on evaporator" 

"Coefficient of Performance:" 

COP=Q in/W c "definition of COP" 



P[2] [kPa] 


p 2 

fkPal 

COP 

Tic 

400 

6.163 

0.7 

500 

4.722 

0.7 

600 

3.882 

0.7 

700 

3.32 

0.7 

800 

2.913 

0.7 

900 

2.6 

0.7 

1000 

2.351 

0.7 

1100 

2.145 

0.7 

1200 

1.971 

0.7 

1300 

1.822 

0.7 

1400 

1.692 

0.7 
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11-128 A relation for the COP of the two-stage refrigeration system with a flash chamber shown in Fig. 11-14 is to be 
derived. 

Analysis The coefficient of performance is determined from 


COP R = 


Q L 


w 


in 


where 


lL ={ 1 - -^6 )( /7 l - ^8 ) with X 6 =—, L 

h fs 

Win = W compIin + W compUin = (l - x 6 )(h 2 -h 1 )+ (l ){h 4 - hg ) 


Fundamentals of Engineering (FE) Exam Problems 


11-129 Consider a heat pump that operates on the reversed Carnot cycle with R-134a as the working fluid executed under 
the saturation dome between the pressure limits of 140 kPa and 800 kPa. R-134a changes from saturated vapor to saturated 
liquid during the heat rejection process. The net work input for this cycle is 

(a) 28 kJ/kg (b) 34 kJ/kg (c) 49 kJ/kg (d) 144 kJ/kg (e) 275 kJ/kg 


Answer (a) 28 kJ/kg 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =800 "kPa" 

P2=140 "kPa" 

h_fg=ENTHALPY(R1 34a, x=1 ,P=P1 )-ENTHALPY(R1 34a,x=0,P=P1 ) 

TH=TEMPERATURE(R1 34a,x=0,P=P1 )+273 

TL=TEMPERATURE(R134a,x=0,P=P2)+273 

q_H=h_fg 

COP=TH/(TH-TL) 

w_net=q_H/COP 

"Some Wrong Solutions with Common Mistakes:" 

W1_work = q_H/COP1; COP1=TL/(TH-TL) "Using COP of regrigerator" 

W2_work = q_H/COP2; COP2=(TH-273)/(TH-TL) "Using C instead of K" 

W3_work = h_fg 3/COP; h_fg3= ENTHALPY(R134a,x=1,P=P2)-ENTHALPY(R134a,x=0,P=P2) "Using h_fg at P2" 
W4_work = q_H*TL/TH "Using the wrong relation" 
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11-130 A refrigerator removes heat from a refrigerated space at 0°C at a rate of 2.2 kJ/s and rejects it to an environment at 
20°C. The minimum required power input is 

(a) 89 W (b) 150 W (c) 161 W (d) 557 W (e)2200W 


Answer (c) 161 W 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

TH=20+273 
TL=0+273 
Q_L=2.2 "kJ/s" 

CO P_m ax=TL/(T H-T L) 
w_min=Q_L/COP_max 

"Some Wrong Solutions with Common Mistakes:" 

W1_work = Q_L/COP1; COP1=TH/(TH-TL) "Using COP of heat pump" 

W2_work = Q_L/COP2; COP2=(TH-273)/(TH-TL) "Using C instead of K" 

W3_work = Q_L*TL/TH "Using the wrong relation" 

W4_work = Q_L "Taking the rate of refrigeration as power input" 


11-131 A refrigerator operates on the ideal vapor compression refrigeration cycle with R-134a as the working fluid between 
the pressure limits of 120 kPa and 800 kPa. If the rate of heat removal from the refrigerated space is 32 kJ/s, the mass flow 
rate of the refrigerant is 

(a) 0. 19 kg/s (b) 0.15 kg/s (c) 0.23 kg/s (d) 0.28 kg/s (e) 0.8 1 kg/s 


Answer (c) 0.23 kg/s 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =120 "kPa" 

P2=800 "kPa" 

P3=P2 

P4=P1 

s2=s1 

Q_refrig=32 "kJ/s" 
m=Q_refrig/(h1-h4) 
hi =ENTHALPY(R1 34a, x=1 ,P=P1 ) 
si =ENTROPY(R1 34a, x=1 ,P=P1 ) 
h2=ENTHALPY(R1 34a,s=s2,P=P2) 
h3=ENTHALPY(R1 34a,x=0,P=P3) 
h4=h3 


"Some Wrong Solutions with Common Mistakes:" 

W1_mass = Q_refrig/(h2-h1) "Using wrong enthalpies, for WJn" 

W2_mass = Q_refrig/(h2-h3) "Using wrong enthalpies, for Q_H" 

W3_mass = Q_refrig/(h1-h44); h44=ENTHALPY(R134a,x=0,P=P4) "Using wrong enthalpy h4 (at P4)" 
W4_mass = Q_refrig/h_fg; h_fg=ENTHALPY(R134a,x=1,P=P2) - ENTHALPY(R134a,x=0,P=P2) "Using h_fg at 
P2" 
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11-132 A heat pump operates on the ideal vapor compression refrigeration cycle with R-134a as the working fluid between 
the pressure limits of 0.32 MPa and 1.2 MPa. If the mass flow rate of the refrigerant is 0.193 kg/s, the rate of heat supply by 
the heat pump to the heated space is 

(a) 3.3 kW (b) 23 kW (c) 26 kW (d) 31 kW (e) 45 kW 


Answer (d) 31 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =320 "kPa" 

P2=1200 "kPa" 

P3=P2 

P4=P1 

s2=s1 

m=0.193 "kg/s" 

Q_supply=m*(h2-h3) "kJ/s" 
hi =ENTHALPY(R1 34a, x=1 ,P=P1 ) 
si =ENTROPY(R1 34a, x=1 ,P=P1 ) 
h2=ENTHALPY(R1 34a,s=s2,P=P2) 
h3=ENTHALPY(R1 34a,x=0,P=P3) 
h4=h3 


"Some Wrong Solutions with Common Mistakes:" 

W1_Qh = m*(h2-h1) "Using wrong enthalpies, for WJn" 

W2_Qh = m*(h1-h4) "Using wrong enthalpies, for Q_L" 

W3_Qh = m*(h22-h4); h22=ENTHALPY(R1 34a, x=1 ,P=P2) "Using wrong enthalpy h2 (hg at P2)" 

W4_Qh = m*h_fg; h_fg=ENTHALPY(R134a,x=1,P=P1) - ENTHALPY(R134a,x=0,P=P1) "Using h_fg at PI" 


11-133 An ideal vapor compression refrigeration cycle with R-134a as the working fluid operates between the pressure 
limits of 120 kPa and 700 kPa. The mass fraction of the refrigerant that is in the liquid phase at the inlet of the evaporator is 

(a) 0.69 (b) 0.63 (c) 0.58 (d) 0.43 (e) 0.35 


Answer (a) 0.69 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =120 "kPa" 

P2=700 "kPa" 

P3=P2 

P4=P1 

hi =ENTHALPY(R1 34a, x=1 ,P=P1 ) 
h3=ENTHALPY(R1 34a,x=0,P=P3) 
h4=h3 

x4=QUALITY(R1 34a,h=h4,P=P4) 

Iiquid=1-x4 


"Some Wrong Solutions with Common Mistakes:" 

WIJiquid = x4 "Taking quality as liquid content" 

W2_liquid = 0 "Assuming superheated vapor" 

W3 liquid = 1-x4s; x4s=QUALITY(R134a,s=s3,P=P4) "Assuming isentropic expansion" 

s3=ENTROPY(R1 34a,x=0,P=P3) 
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11-134 Consider a heat pump that operates on the ideal vapor compression refrigeration cycle with R-134a as the working 
fluid between the pressure limits of 0.32 MPa and 1.2 MPa. The coefficient of performance of this heat pump is 

(a) 0.17 (b) 1.2 (c) 3.1 (d) 4.9 (e) 5.9 


Answer (e) 5.9 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =320 "kPa" 

P2=1200 "kPa" 

P3=P2 

P4=P1 

s2=s1 

hi =ENTHALPY(R1 34a, x=1 ,P=P1 ) 
si =ENTROPY(R1 34a, x=1 ,P=P1 ) 
h2=ENTHALPY(R1 34a,s=s2,P=P2) 
h3=ENTHALPY(R1 34a,x=0,P=P3) 
h4=h3 

COP_HP=qH/Win 

Win=h2-h1 

qH=h2-h3 


"Some Wrong Solutions with Common Mistakes:" 

W1_COP = (h1-h4)/(h2-h1) "COP of refrigerator" 

W2_COP = (h1-h4)/(h2-h3) "Using wrong enthalpies, QL/QH" 

W3_COP = (h22-h3)/(h22-h1); h22=ENTHALPY(R1 34a, x=1 ,P=P2) "Using wrong enthalpy h2 (hg at P2)" 


11-135 An ideal gas refrigeration cycle using air as the working fluid operates between the pressure limits of 80 kPa and 280 
kPa. Air is cooled to 35°C before entering the turbine. The lowest temperature of this cycle is 

(a) -58°C (b) -26°C (c) 0°C (d) 11°C (e) 24°C 


Answer (a) -58°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

k=1.4 

P1= 80 "kPa" 

P2=280 "kPa" 

T3=35+273 "K" 

"Mimimum temperature is the turbine exit temperature" 

T4=T3*(P1/P2) A ((k-1 )/k) - 273 

"Some Wrong Solutions with Common Mistakes:" 

W1_Tmin = (T3-273)*(P1/P2) A ((k-1 )/k) "Using C instead of K" 

W2_Tmin = T3*(P1/P2) A ((k-1)) - 273 "Using wrong exponent" 

W3_Tmin = T3*(P1/P2) A k - 273 "Using wrong exponent" 
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11-136 Consider an ideal gas refrigeration cycle using helium as the working fluid. Helium enters the compressor at 100 kPa 
and 17°C and is compressed to 400 kPa. Helium is then cooled to 20°C before it enters the turbine. For a mass flow rate of 
0.2 kg/s, the net power input required is 

(a) 28.3 kW (b) 40.5 kW (c) 64.7 kW (d) 93.7 kW (e) 113 kW 


Answer (d)93.7kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

k=1 .667 

Cp=5.1 926 "kJ/kg.K" 

PI = 100 "kPa" 

T1 =17+273 "K" 

P2=400 "kPa" 

T3=20+273 "K" 
m=0.2 "kg/s" 

"Mimimum temperature is the turbine exit temperature" 

T2=T 1 *(P2/P1 ) A ((k-1 )/k) 

T4=T3*(P1/P2) A ((k-1 )/k) 

W_netin=m*Cp*((T2-T 1 )-(T3-T4)) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Win = m*Cp*((T22-T 1 )-(T3-T44)); T22=T1*P2/P1 ; T44=T3*P1/P2 "Using wrong relations for temps" 
W2_Win = m*Cp*(T2-T1) "Ignoring turbine work" 

W3_Win=m*1 ,005*((T2B-T1 )-(T3-T4B)) ; T2B=T1 *(P2/P1 ) A ((kB-1 )/kB); T4B=T3*(P1 /P2) A ((kB-1 )/kB) ; kB=1 .4 
"Using air properties" 

W4_Win=m*Cp*((T2A-(T 1 -273))-(T3-273-T4A)); T2A=(T1 -273)*(P2/P1 ) A ((k-1 )/k); T4A=(T3-273)*(P1/P2) A ((k- 
1)/k) "Using C instead of K" 


11-137 An absorption air-conditioning system is to remove heat from the conditioned space at 20°C at a rate of 150 kJ/s 
while operating in an environment at 35°C. Heat is to be supplied from a geothermal source at 140°C. The minimum rate of 
heat supply required is 

(a) 86 kJ/s (b) 21 kJ/s (c) 30 kJ/s (d) 61 kJ/s (e)150kJ/s 


Answer (c) 30 kJ/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

TL=20+273 "K" 

Q_refrig=1 50 "kJ/s" 

To=35+273 "K" 

Ts=1 40+273 "K" 

COP_max=(1 -T o/T s)*(TL/(T o-TL)) 

Q_in=Q_refrig/COP_max 

"Some Wrong Solutions with Common Mistakes:" 

W1_Qin = Q refrig "Taking COP = 1" 

W2_Qin = Q_refrig/COP2; COP2=TL/(Ts-TL) "Wrong COP expression" 

W3_Qin = Q_refrig/COP3; COP3=(1-To/Ts)*(Ts/(To-TL)) "Wrong COP expression, COP_HP" 

W4_Qin = Q_refrig*COP_max "Multiplying by COP instead of dividing" 
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11-138 Consider a refrigerator that operates on the vapor compression refrigeration cycle with R-134a as the working fluid. 
The refrigerant enters the compressor as saturated vapor at 160 kPa, and exits at 800 kPa and 50°C, and leaves the 
condenser as saturated liquid at 800 kPa. The coefficient of performance of this refrigerator is 

(a) 2.6 (b) 1.0 (c) 4.2 (d) 3.2 (e) 4.4 


Answer (d) 3.2 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =160 "kPa" 

P2=800 "kPa" 

T2=50 "C" 

P3=P2 

P4=P1 

hi =ENTHALPY(R1 34a, x=1 ,P=P1 ) 
si =ENTROPY(R1 34a, x=1 ,P=P1 ) 
h2=ENTHALPY(R1 34a,T=T2,P=P2) 
h3=ENTHALPY(R1 34a,x=0,P=P3) 
h4=h3 

COP_R=qL/Win 

Win=h2-h1 

qL=h1-h4 


"Some Wrong Solutions with Common Mistakes:" 

W1_COP = (h2-h3)/(h2-h1) "COP of heat pump" 

W2 COP = (h1-h4)/(h2-h3) "Using wrong enthalpies, QL/QH" 

W3_COP = (h1-h4)/(h2s-h1); h2s=ENTHALPY(R134a,s=s1,P=P2) "Assuming isentropic compression" 


11-139 ■■■ 11-146 Design and Essay Problems 
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Chapter 12 

THERMODYNAMIC PROPERTY 

RELATIONS 
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12-2 


Partial Derivatives and Associated Relations 


12-1C For functions that depend on one variable, they are identical. For functions that depend on two or more variable, the 
partial differential represents the change in the function with one of the variables as the other variables are held constant. 
The ordinary differential for such functions represents the total change as a result of differential changes in all variables. 


12-2C Only when (dzJdx) y = 0. That is, when z does not depend on y and thus z = z(x). 


12-3C It indicates that z does not depend on y. That is, z = z(x). 


12-4C (a) (dx) y = dx ; (b) (&) y < dz\ and (c) dz = (dz) x + (&) 


12-5 Air at a specified temperature and specific volume is considered. The changes in pressure corresponding to a certain 
increase of different properties are to be determined. 

Assumptions Air is an ideal gas. 

Properties The gas constant of air is R = 0.287 kPa mVkg-K (Table A-l). 

Analysis An ideal gas equation can be expressed as P = RT/v. Noting that R is a constant and P = P(T , (/), 


dP = 


r dP^ 

\dT 


dT + 


ydv j 


dv = 

(/ 


RdT RT dv 


(/ 


(i a ) The change in T can be expressed as dT = AT = 350 x 0.01 = 3.5 K. At i/= constant, 


[dP\ = 


RdT (0.287 kPa • m 3 /kg • K)(3.5 K) 


i/ 


0.75 nr/kg 


= 1.339kPa 


(b) The change in (/can be expressed as d i/= At/= 0.75 x 0.01 = 0.0075 m /kg. At T = constant, 


{dP) T = 


RTdv (0.287 kPa • m 3 /kg • K)(300 K)(0.0075 m7kg) 


(/ 


(0.75 m 3 /kg) 2 


= -1 .339kPa 


(c) When both (/and T increases by 1%, the change in P becomes 
dP = (dP) {/ +(dP) T =1.339 + (-1.339) = 0 
Thus the changes in T and (/ balance each other. 
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12-3 


12-6 Helium at a specified temperature and specific volume is considered. The changes in pressure corresponding to a 
certain increase of different properties are to be determined. 

Assumptions Helium is an ideal gas 

Properties The gas constant of helium is R = 2.0769 kPam 3 /kgK (Table A-l). 

Analysis An ideal gas equation can be expressed as P = RT/u. Noting that R is a constant and P = P(T, (/), 


dP = 


r dP^ 


\dT j 


dT + 


r 8P' 


v 




dv = 

j 1 (/ 


RdT RTdu 


v 


(a) The change in T can be expressed as dT = AT = 350 x 0.01 = 3.5 K. At (/ = constant, 


(dP) v = 


RdT (2.0769 kPa • m 7kg • K)(3.5 K) 


i/ 


0.75m 3 /kg 


= 9.692kPa 


(. b ) The change in (/can be expressed as d(/=A(/=0.75x 0.01 = 0.0075 nr /kg. At T - constant, 


[dp\ = 


RTdv (2.0769 kPa • m 3 /kg • K)(300 K)(0.0075 m 3 ) 


(/ 


(0.75 m 3 /kg) 2 


= -9.692kPa 


(c) When both (/and T increases by 1%, the change in P becomes 
dP = (dP) v + (dP) T = 9.692 + (-9.692) = 0 
Thus the changes in T and (/ balance each other. 


12-7 Nitrogen gas at a specified state is considered. The c p and c u of the nitrogen are to be determined using Table A-l 8, and 
to be compared to the values listed in Table A-2 b. 


Analysis The c p and c^of ideal gases depends on temperature only, and are expressed as c p (T) = dh(T)/dT and cJJ) = 
du(T)/dT. Approximating the differentials as differences about 400 K, the c p and c„ values are determined to be 


c p (400 K) = 


dh(T) 

dT 


7 7=400 K 


A h(T) 


AT 


J 7=400 K 


/z(410K)-/z(390 K) 

(410-390)K 

_ (1 1,932-1 l,347)/28.0kJ/kg 
~ (410 -390)K 

= 1.045kJ/kg K 

(Compare: Table A-2b at 400 K -> c p = 1.044 kJ/kg-K) 

' du{J)\ (A u(T)' 


c v (400K) = 


dT 


JT= 400K 


AT 


J 7=400 K 


m(410K)-m(390 K) 
(410-390)K 



(8 .523-8.104)/28.0ki/k g =0 _ 748kJ K 
(410 -390)K 


(Compare: Table A-2b at 400 K -> 0.747 kJ/kg-K) 
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12-4 


12-8E Nitrogen gas at a specified state is considered. The c p and of the nitrogen are to be determined using Table A-18E, 
and to be compared to the values listed in Table A-2E b. 


Analysis The c p and c v of ideal gases depends on temperature only, and are expressed as c p (T) = dh(T)/dT and cST) = 
du(T)/dT. Approximating the differentials as differences about 600 R, the c p and c v values are determined to be 


c p ( 800 R) = 


dh(T) 

dT 


r=800R 


A h(T) 
AT 


r=800R 


/z(820R)-/z(780R) 

(820-780)R 


(5704.7 - 5424.2)/28.013 Btu/lbm 
(820 - 780)R 


= 0.250 Btu/lbm R 


(Compare: Table A-2Eb at 800 R = 340°F — » c p = 0.250 Btu/lbm- R ) 

r du(T)\ J Au{Tf' 

ST= 800R 


c v (800 R) = 


v 


dT 


v 


AT 


^r= 800 R 


w(820R)-m(780R) 

(820-780)R 

(4076.3 - 3875. 2)/28. 013 Btu/lbm 
(820 - 780)R 


= 0.1 79 Btu/lbm R 


(Compare: Table A-2Eb at 800 R = 340°F — » c w - 0.179 Btu/lbm- R) 
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12-5 


12-9 The state of an ideal gas is altered slightly. The change in the specific volume of the gas is to be determined using 
differential relations and the ideal-gas relation at each state. 

Assumptions The gas is air and air is an ideal gas. 

Properties The gas constant of air is R = 0.287 kPamVkgK (Table A-l). 

Analysis (a) The changes in T and P can be expressed as 

dT = AT = (305 - 300)K = 5 K 
dP = AP = (96 - 100)kPa = -4 kPa 


The ideal gas relation Pu— RT can be expressed as t/ = RT/P. Note that R is a constant and i/ = i/(T, P). Applying the total 
differential relation and using average values for T and P, 


dv = 


r d^ 

\dT j p 


dT + 


f d^ 

\dP j T 


dP = 


RdT 

P 


= (0.287 kPa • nr /kg • K) 


5 K 
98 kPa 


RTdP 
P 2 

(302.5K)(-4kPa)" 
(98 kPa) 2 


= (0.01464 m 3 /kg) + (0.03616 m 3 /kg) 

= 0.0508m 3 /kg 


(b) Using the ideal gas relation at each state, 


RT X (0.287 kPa • m /kg • K)(300 K) 3/1 

t/j = — ^- = = 0.8610 m /kg 


(/ 2 = 


P 


100 kPa 


RT 2 (0.287 kPa • m 3 /kg • K)(305 K) 




96 kPa 


= 0.9118 m 3 /kg 


Thus, 

A</ = i/ 2 -i/, =0.91 18- 0.8610 = 0.0508m 3 /kg 
The two results are identical. 
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12-6 

12-10 Using the equation of state P(v-a) = RT , the cyclic relation, and the reciprocity relation at constant i/are to be 
verified. 

Analysis (a) This equation of state involves three variables P, i/, and T. Any two of these can be taken as the independent 
variables, with the remaining one being the dependent variable. Replacing x, y, and z by P, i/, and P, the cyclic relation can 
be expressed as 



where 



12-11 A relation is to be derived for the slope of the i/= constant lines on a T-P diagram for a gas that obeys the van der 
Waals equation of state. 

Analysis The van der Waals equation of state can be expressed as 



Taking the derivative of T with respect to P holding (/constant, 



which is the slope of the i/= constant lines on a T-P diagram. 
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12-7 


The Maxwell Relations 


12-12 The validity of the last Maxwell relation for refrigerant- 1 34a at a specified state is to be verified. 

Analysis We do not have exact analytical property relations for refrigerant- 134a, and thus we need to replace the differential 
quantities in the last Maxwell relation with the corresponding finite quantities. Using property values from the tables about 
the specified state, 


r ds ^ 


\CP J T \v j J p 

r As N 7 


7 

dr 

Ac/ 


V APy r= 50P C 


r c _ c n 
A 900kPa l ’500kPa 


V AT j P=700kPa 


(900-500)kPa 


7r= 50°C 


U 1QPC C/ 30°C 

(70 - 30)°C 


7 P=70QkPa 


(0.9661 - 1.0309)kJ/kg • K l (0.036373 - 0.029966)m 3 /kg 
(900 - 500)kPa = (70 - 30)°C 

-1.621xl0" 4 m 3 /kg • K = -1.602 x 10 -4 m 3 /kg-K 

since kJ = kPa m 3 , and K = °C for temperature differences. Thus the last Maxwell relation is satisfied. 
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12-8 


12-13 



Problem 12-12 is reconsidered. The validity of the last Maxwell relation for refrigerant 134a at the specified 


state is to be verified. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data:" 

T=50 [C] 

P=700 [kPa] 

PJncrement = 200 [kPa] 

TJncrement = 20 [C] 

P[2]=P+P_increment 

P[1]=P-PJncrement 

T[2]=T+TJncrement 

T[1]=T-T_increment 

DELTAP = P[2]-P[1] 

DELTAT = T[2]-T[1] 

v[1]=volume(R134a,T=T[1],P=P) 
v[2]=volume(R134a,T=T[2],P=P) 
s[1]=entropy(R134a,T=T,P=P[1]) 
s[2]=entropy(R1 34a,T=T,P=P[2]) 

DELTAs=s[2] - s[1] 

DELTAv=v[2] - v[1] 

"The partial derivatives in the last Maxwell relation (Eq. 12-19) is associated with the Gibbs function and are 
approximated by the ratio of ordinary differentials:" 

Leftside =DELTAs/DELTAP*Convert(kJ,m A 3-kPa) "[m A 3/kg-K]" "at T = Const." 

RightSide— DELTAv/DELTAT "[m A 3/kg-K]" "at P = Const." 


SOLUTION 
DELTAP=400 [kPa] 

DELTAs=-0. 06484 [kJ/kg-K] 
DELTAT=40 [C] 

DELTAv=0. 006407 [m A 3/kg] 
LeftSide=-0. 0001 621 [m A 3/kg-K] 
P=700 [kPa] 

P[1]=500 [kPa] 

P[2]=900 [kPa] 

P_increment=200 [kPa] 
RightSide=-0. 0001 602 [m A 3/kg-K] 
s[1 ]=1.0309 [kJ/kg-K] 
s[2]=0.9661 [kJ/kg-K] 

T=50 [C] 

T[1 ]=30 [C] 

T[2]=70 [C] 

T_increment=20 [C] 
v[1 ]=0.02997 [m A 3/kg] 
v[2]=0. 03637 [m A 3/kg] 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


12-9 


12-14E The validity of the last Maxwell relation for steam at a specified state is to be verified. 

Analysis We do not have exact analytical property relations for steam, and thus we need to replace the differential quantities 
in the last Maxwell relation with the corresponding finite quantities. Using property values from the tables about the 
specified state, 


dP 


j t j p 

r 9 / a 

v APy r=60C PF 


9 f 

dr 

At/ 


vAr yp=275 p Sia 


f c _ c '' 

300psia ^ 250psia 


(300 - 250)psia 


/r= 60 CPF 


^65CPF ^55CPF 

(650-550)°F 


7p=275psia 


(1.6270- 1.6499)Btu/lbm-R ? (2.3179 - 2.07 15) t Vlbm 


(300 - 250)psia 


(650 - 550)°F 


- 2.466 x 1CT 3 ft 3 /lbm- R = -2.464 x 1(T 3 ft 3 /lbm- R 


since 1 Btu = 5.4039 psiaff , and R = °F for temperature differences. Thus the fourth Maxwell relation is satisfied. 


12-15 Using the Maxwell relations, a relation for ( ds/dP) T for a gas whose equation of state is P(v-b) = RT is to be obtained. 

RT 

Analysis This equation of state can be expressed as t/ = + b . Then, 




\dT Jp 


R 

P 


From the fourth Maxwell relation, 


f ds) 



UpJ 

T 

UrJ 


R 

P 


12-16 Using the Maxwell relations, a relation for ( ds/dO) T for a gas whose equation of state is (P-a/i/)( v-b) = RT is to be 
obtained. 

RT a 

Analysis This equation of state can be expressed as P = 1 — — . Then, 

v-b v 2 


' dP\ _ R 
\dT ) v i v-b 

From the third Maxwell relation, 


^ ds '] 


( dP} 

R 

UvJ 

T 

{ dT) 
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12-17 Using the Maxwell relations and the ideal-gas equation of state, a relation for (ds/d v) T for an ideal gas is to be 
obtained. 


12-10 


Analysis The ideal gas equation of state can be expressed as P . Then, 

v 

' dP ^ _ R 

ySTJ v V 

From the third Maxwell relation, 


ds\ R 

dv) T \dT) v 1/ 
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12-11 


12-18 It is to be proven that 


f dP^ 

k 

f dp 1 

UrJ 

s~ k ~ 1 

UrJ 


Analysis Using the definition of 


c v =T 


r ds ^ 

= T 

' ds 


f DP ) 

uu 


{ dPj 

V 

UU 


Substituting the first Maxwell relation 


r ds^ 


ydPy 


'ftp 

ydT; 


c.. = -T 


fdv') 


f dp ) 

U T) 

s 

UU 


Using the definition of c* 


c p= T 


r ds^ 


dT 


= T 


yui y p 


' dP 

\dvj P 


'ftp 
\dT j P 


Substituting the second Maxwell relation 


( ds "I 


f dp ) 

UU 

p 

UrJ 


c p= t 


( dP ) 



UrJ 

s 

UU 


FromEq. 12-46, 


c — c = —T 


'di p 2 (dP'' 


ydT y 


dv 


P\^JT 


Also, 


Then, 


c 


k - 1 c p -c v 


'dP'' 

ydT y 


' dP 


s ydT ;p 


' dP ^ 


k - 1 


f Z)..\ ” f Qp ^ 


dv 

ydT y p 


ydVj T 


ydT y 




V 5t/y p 




vS/’yr 


Substituting this into the original equation in the problem statement produces 

'8P\ (dP\ (dT\ (dv '' | 


vdry 


v 5ry 


01 / 


J p 


dP 


\ ur J T 


\dT j 


But, according to the cyclic relation, the last three terms are equal to -1. Then, 


( dP "j 


f DP ) 

UrJ 

.S' 

Ur J 
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12-12 


The Clapeyron Equation 

12-19C It enables us to determine the enthalpy of vaporization from hf g at a given temperature from the P, v, T data alone. 


12-20C It is exact. 


12-21 Using the Clapeyron equation, the enthalpy of vaporization of refrigerant- 134a at a specified temperature is to be 
estimated and to be compared to the tabulated data. 

Analysis From the Clapeyron equation, 


h h = Tv fs 


f dP^ 

V dT j sat 


= T(y. -v f ) 


g 40°C 


f A 

V^y S at,40°C 


= T( v Q -v f ) 


g ''/ / @40°C 


P 


)OP - P*r 


sat@42°C 1 sat@38°C 


V 


42°C-38°C 

/ 

= (40 + 273. 15 K)(0. 019968 - 0.0008720 m 3 /kg) 

= 163.13kJ/kg 


^ (1072.8- 963.68 )kPa 3 
4K 


The tabulated value of hj g at 40°C is 163.03 kj/kg. 
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12-13 



12-22 ““ Problem 12-21 is reconsidered. The enthalpy of vaporization of refrigerant 134-a as a function of temperature 
over the temperature range -20 to 80°C by using the Clapeyron equation and the refrigerant 134-a data in EES is to be 
plotted. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Input Data:" 

T=30 [C] 

TJncrement = 5 [C] 

T[2]=T+T_increment 

T[1]=T-T_increment 

P[1] = pressure(R134a,T=T[1],x=0) 

P[2] = pressure(R134a,T=T[2],x=0) 

DELTAP = P[2]-P[1] 

DELTAT = T[2]-T[1] 

v_f=volume(R134a,T=T,x=0) 

v_g=volume(R134a,T=T,x=1) 

h_f=enthalpy(R134a,T=T,x=0) 

h_g=enthalpy(R134a,T=T,x=1) 


h fg=h g - h f 
v_fg=v_g - v_f 



T [C] 


"The Clapeyron equation (Eq. 12-22) provides a means to calculate the enthalpy of vaporization, h_fg at a given 
temperature by determining the slope of the saturation curve on a P-T diagram and the specific volume of the 
saturated liquid and satruated vapor at the temperature." 


h_fg_Clapeyron=(T+273.2)*v_fg*DELTAP/DELTAT*Convert(m A 3-kPa,kJ) 
PercentError=ABS(h_fg_Clapeyron-h_fg)/h_fg*Convert(, %) "[%]" 


T 

[C] 

hfg 

[kJ/kg] 

hfg, Clapeyron 

[kJ/kg] 

PercentError 

m 

-20 

212.96 

213.76 

0.3752 

-10 

206.02 

206.73 

0.3454 

0 

198.67 

199.28 

0.3118 

10 

190.80 

191.32 

0.2711 

20 

182.33 

182.74 

0.228 

30 

173.13 

173.46 

0.1917 

40 

163.03 

163.31 

0.1724 

50 

151.82 

152.08 

0.1748 

60 

139.09 

139.26 

0.1222 

70 

124.37 

124.61 

0.1931 

80 

106.35 

106.51 

0.1437 
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12-14 


12-23 Using the Clapeyron equation, the enthalpy of vaporization of steam at a specified pressure is to be estimated and to 
be compared to the tabulated data. 

Analysis From the Clapeyron equation, 


h fg =7V 


fg 


r dP^ 

\dT J sat 


= T{y p -i/ f ) 


g f ' @300kPa 


f A 

V J sat,300kPa 


= T 


-Vf) 


sat@300kPa V v g 300 kPa 


(325 - 275)kPa 


y^sat@325kPa -^sat@275kPa J 


= (133.52+273. 15 K)(0.60582 -0.001073 nr 3 /kg) 

= 2159.9kJ/kg 


50 kPa 


(136.27-130.58)°C 


The tabulated value of hj g at 300 kPa is 2163.5 kj/kg. 



12-24E The hf g of refrigerant- 134a at a specified temperature is to be calculated using the Clapeyron equation and 
Clapeyron-Clausius equation and to be compared to the tabulated data. 

Analysis ( a ) From the Clapeyron equation, 


k f8 = T{/ fg 


r dP^ 


V dT j sa t 


= T(y e -v f ) 


fJ@ 10°F 


V ^ J sat, 1 0°F 


= T(v g ~Vf) 


f 10°F 


P 


sat@ 1 5°F 


-P. 


sat@5°F 


V 


15°F-5°F 


= (10 + 459.67 R)(l. 7358 - 0.01200 II VlbmJ (» «9- 23.793) psia 

\ 10 R 

= 483. 0 psia -ft 3 /lbm = 89.38 Btu/lbm (0.1% error) 

since 1 Btu = 5.4039 psia- ft 3 . 

( b ) From the Clapeyron-Clausius equation, 


In 


( p) 

r 2 

„ h f g 

1—1 

n 

UJ 

R 

sat 

Ti 

eJ 


sat 


In 


f 23.793 psia " 

h / s 

r i 

i ^ 

v 29.759psia y 

0.0 1946 Btu/lbm- R 

1 15 + 459.67 R 

5 + 459.67 R J 


h fg =96.04 Btu/lbm (7.6% error) 


The tabulated value of h fg at 10°F is 89.25 Btu/lbm. 
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12-15 


12-25E A substance is cooled in a piston-cylinder device until it turns from saturated vapor to saturated liquid at a constant 
pressure and temperature. The boiling temperature of this substance at a different pressure is to be estimated. 


Analysis From the Clapeyron equation, 

(250 Btu) 


^ dp x 


ydTj sat 


h 


fg 


^5.404psia -ft 3 N 
1 Btu 


/(0.51bm) 


Tv 


fg 


(475 R)(1.5ft 3 )/(0.51bm) 


= 1.896 psia/R 


Using the finite difference approximation, 


f dP^ 


( p - p \ 
r 2 M 

l dT J 

sat 

l T2-TJ 


Weight 



Q 


Solving for T 2 , 


t 2 



P — P 

+ -? = 475 R + 

dP/dT 


(60 -50)psia 
1.896 psia/R 


480.3R 


12-26E A substance is cooled in a piston-cylinder device until it turns from saturated vapor to saturated liquid at a constant 
pressure and temperature. The saturation pressure of this substance at a different temperature is to be estimated. 

Analysis From the Clapeyron equation, 


dP_ 

dT 


h 


(250 Btu) 


fg 


^5.404psia • ft 3 ^ 
1 Btu 


/(0.51bm) 


Weight 


f sat 


Tv 


fg 


(475 R)(1.5ft 3 )/(0.5 lbm) 


= 1.896 psia/R 


Using the finite difference approximation, 


( dP) 


( P 2~ P l) 

{ dT) 

sat 




Q 


Solving for P 2 , 

dP 

P 2 =P X + — (t 2 -7\) = 50psia + (1. 896 psia/R)(480 -475)R = 59.5 psia 
dT 
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12-16 


12-27E A substance is cooled in a piston-cylinder device until it turns from saturated vapor to saturated liquid at a constant 
pressure and temperature. The s lg of this substance at the given temperature is to be estimated. 

Analysis From the Clapeyron equation, 


r dP^ 

V^/sat 


h 


fg 


Tv 


fg 


v 


fg_ 

fg 


Solving for s fg . 


fg 


Alternatively, 


= = (250 BtuV(0.51bm) _^053Btuyibm R 


T 


475 R 


Weight 



Q 


r dP^ 


s fg = 


fdTj s at 


Vj g = (1.896 psia/R) 


1.5ft 


0.5 lbm 


1 Btu 


5.404 psia • ft 


= 1.053 Btu/lbm- R 


12-28E A table of properties for methyl chloride is given. The saturation pressure is to be estimated at two different 
temperatures. 

Analysis The Clapeyron equation is 


' dP ' 


sat 


h 


fg 


Tv 


fg 


Using the finite difference approximation, 


f dP) 


(p _ P ) 
r 2 M 

h fs 

l dTj 

sat 

l T 2-Ti) 

Tv f 

sat fg 


Solving this for the second pressure gives for T 2 = 1 10°F 


h 


p 2 = Pi + 


fg 


Tv 


(T 2 -T x ) 


fg 


= 1 16.7 psia + 

= 134.0psia 


154.85 Btu/lbm 


(560 R)(0. 86332 ft" /lbm) 


r 5.404 psia -ft 3 X 
1 Btu 


(110-100)R 


When T 9 = 90°F 


h 


P 2 =P X + 


fg 


Tv 


(T 2 ~T x ) 


fg 


= 1 16.7 psia + 

= 99.4psia 


154.85 Btu/lbm 


(560 R)(0. 86332 ft 3 /lbm) 


^ 5.404 psia -ft 3 ^ 
1 Btu 


(90-100)R 
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12-17 


12-29 The sublimation pressure of water at -30°C is to be determined using Clapeyron-Clasius equation and the triple point 
data of water. 

Analysis The sublimation pressure may be determined using Clapeyron-Clasius equation from 


sub,CC 


K ( 1 i 


R \ T X T 2 


where the triple point properties of water are P x = 0.6117 kPa and T x = 0.01°C = 273.16 K (first line in Table A-4). Also, the 
enthalpy of sublimation of water at -30°C is determined from Table A-8 to be 2838.4 kJ/kg. Substituting, 


sub,CC 


K ( l l 


sub,CC 


R 1 T x T 2 


2838.4 kJ/kg 


0.61 17 kPa ) 0.4615 kJ/kg. K ^273.16 K -30 + 273.15 K 

^subcc =0.03799kPa 


The sublimation pressure of water at -30°C is given in Table A-8 to be 0.03802 kPa. Then, the error involved in using 
Clapeyron-Clasius equation becomes 

„ ^ 0.03802-0.03799 „ noo/ 

PercentError = x 100 = 0.08% 

0.03802 
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12-18 


12-30 It is to be shown that c p g —c p f =T 


d(h fg IT) 


dT 


+ (/ 


fg 


y p 


V^Vsat 


Analysis The definition of specific heat and Clapeyron equation are 


c p = 


dh 

\dT y p 


r dP^ 




h 


fg 


Tv 


fg 


According to the definition of the enthalpy of vaporization, 
h 


l fg 


h s h f 


T T T 

Differentiating this expression gives 


( dh f g /T ) 


r dh g /T' 


' 8h f IT'' 

l J 

p 

{ dT j 

P 

{ dT ) 


1 

r ] 

h g 1 

{ dh f ) 

T 


p T 2 T 



h 


+ 


/ 


T 


c 


p*g 


C P,f h s - ]l f 


T T T 2 

Using Clasius-Clapeyron to replace the last term of this expression and solving for the specific heat difference gives 


c p,g ~ c p-S 


= 71 


d ( h f 8 m 

dT 




+ 1 / 


fg 


dP_ 
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12-19 


General Relations for du , dh , ds, c Vj and c p 


12-31C Yes, through the relation 


5c 


p 


dP 


= -T 


( d 1 ^ 


Jt 


dT 


J p 


12-32 The volume expansivity j5 and the isothermal compressibility a of refrigerant- 134a at 200 kPa and 30°C are to be 
estimated. 

Analysis The volume expansivity and isothermal compressibility are expressed as 


1/ 




dT 


J p 


and a = - — 

v 




dP 


\ ur J T 


Approximating differentials by differences about the specified state, 


and 


1 


1 

l/ 40 o C ^20° C 

1/ 

{at) 

P=20CkPa u 

[ (40 - 20)°C J 


1 


0. 11874 nr /kg 

= 0.00381 K 1 


/ P=20CkPa 

(0. 12322 -0.11418)m 3 /kg^ 
20 K 


1 


1 

^ t/ 240kPa ^lSCkPa 

t/ 

vA Pj 

r=30°c v 

[ (240 - 180)kPa J 


1 


0.1 1874 m 3 /kg 

= 0.00482 kPa 1 


r (0.09812- 0.1 3248)m 3 /kg 
60 kPa 
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12-20 


12-33 The specific heat difference c p -c v for liquid water at 15 MPa and 80°C is to be estimated. 
Analysis The specific heat difference c p - c v is given as 

r dv^ 


c — c — —T 

^ p V 


\dT j p 


2 r dP^ 


K dvj T 


Approximating differentials by differences about the specified state, 

A P 


c — c — —T 

c p ^ v — x 


^ Ac /^ 2 r A 


V ^ J P= 1 5 MPa 


= -(80 + 273.15 K) 


= -(353.15 K) 


V Al/y r=80 °c 

^ \2 
^lOCPC U 60°C 


(100-60)°C 


r (20-10)MPa ^ 


J P = 1 5 MPa 


^20MPa ^lOMPa 


ST= 80°C 


(0. 0010361-0. 0010105)m 3 /kg^ 

-f 10,000 kPa 

l 40K J 

v (0. 0010199 -0. 0010244 )m 3 /kg y 


= 0.3192 kPa • m 7kg • K = 0.3192 kj/kg • K 


12-34 The internal energy change of air between two specified states is to be compared for two equations of states. 
Assumptions Constant specific heats for air can be used. 

Properties For air at the average temperature (20+300)/2=160°C=433 K, c w = 0.731 kJ/kg-K (Table A-2 b). 
Analysis Solving the equation of state for P gives 



i /-a 


Then, 


(dP\ 


R 


VdT) 


t /-a 


Using equation 12-29, 


du - c w dT + 



f dP' 


T 

-P 


UrJ 

V 


d i/ 


Substituting, 


du = c^dT + 


' RT 
v i /-a 


RT 


Id v 


v-a J 


= c„dT 

Integrating this result between the two states with constant specific heats gives 
u 2 - Ux = Cu (t 2 - T x ) = (0.73 1 kJ/kg • K)(300 - 20)K = 205 kJ/kg 
The ideal gas model for the air gives 
du — c^dT 

which gives the same answer. 
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12-21 


12-35 The enthalpy change of air between two specified states is to be compared for two equations of states. 
Assumptions Constant specific heats for air can be used. 

Properties For air at the average temperature (34+420)/2=227°C=500 K, c p = 1.018 kJ/kg-K (Table A-2 b). 
Analysis Solving the equation of state for v gives 
RT 

v = Ya 

P 


Then, 


r dy) 
\dT j p 


R 

P 


Using equation 12-35, 


dh = c p dT + 


u-T 




\dT y p 


dp 


Substituting, 


dh = c p dT + 


RT RT 

Y a 


P 


P 


dP 


J 


- c p dT + adP 


Integrating this result between the two states with constant specific heats gives 
h 2 - h x = c p (T 2 - 7i ) + a(P 2 - P x ) 


= (1 .029 kJ/kg • K)(420 - 34)K + (0.01 m 3 /kg)(800 - 100)kPa 

= 404.2kJ/kg 


For an ideal gas, 

dh = c p dT 

which when integrated gives 

h 2 -h { = c p (T 2 - T x ) = (1.029 kJ/kg • K)(420 - 34)K = 397.2k J/kg 
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12-22 

12-36 The entropy change of air between two specified states is to be compared for two equations of states. 

Assumptions Constant specific heats for air can be used. 

Properties For air at the average temperature (20+300)/2=160°C=433 K, c p = 1.018 kJ/kg-K (Table A-2 b) and R = 0.287 
kJ/kg-K (Table A- 1). 

Analysis Solving the equation of state for </ gives 
RT 

v = Ya 

P 

Then, 

'ftA _R 
ydTjp -~P 

The entropy differential is 


ds = c p 


dT_ 

T 




T 


-R 


dP 

P 


which is the same as that of an ideal gas. Integrating this result between the two states with constant specific heats gives 



= 0.1686kJ/kg K 


(0.287 kJ/kg • K)ln 


600 kPa 
100 kPa 
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12-23 

12-37 The internal energy change of helium between two specified states is to be compared for two equations of states. 
Properties For helium, c v = 3.1 156 kJ/kg-K (Table A-2a). 

Analysis Solving the equation of state for P gives 



v -a 


Then, 


' 8P N 


R 


{/-a 


Using equation 12-29, 


du = c w dT + 



f dP) 


T 

~P 


IdT) 

V 


d v 


Substituting, 


du = c„dT + 


' RT 
v i f-a 


RT 


Id 1/ 


v-a J 


= c„dT 

Integrating this result between the two states gives 

u 2 -u x =c„ (T 2 -T x ) = (3.1 156 kJ/kg • K)(300 - 20)K = 872.4k J/kg 
The ideal gas model for the helium gives 
du = c^dT 

which gives the same answer. 
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12-24 


12-38 The enthalpy change of helium between two specified states is to be compared for two equations of states. 
Properties For helium, c p = 5.1926 kJ/kg-K (Table A-2 a). 

Analysis Solving the equation of state for (/ gives 
RT 

v = Ya 

P 


Then, 


r 

\dT j p 


R 

P 


Using equation 12-35, 


dh = c p dT + 




c /-r 


dv_ 

\dr) 


dp 


Substituting, 


dh = c p dT + 


RT 

P 


a 


RT 

P 


\dP 


= c p dT + adP 


Integrating this result between the two states gives 
^2 — = C p (-^2 — ) F a(P2 — P\ ) 

= (5.1926 kJ/kg • K)(380 - 20)K + (0.01 m 3 /kg)(750 - 150)kPa 

= 1875kJ/kg 


For an ideal gas, 

dh = c p dT 

which when integrated gives 

h 2 -h x = c p (T 2 -T x ) = (5. 1926 kJ/kg • K)(380 - 20)K = 1 869kJ/kg 
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12-25 


12-39 The entropy change of helium between two specified states is to be compared for two equations of states. 
Properties For helium, c p = 5.1926 kJ/kg-K and R = 2.0769 kJ/kg-K (Table A-2 a). 

Analysis Solving the equation of state for (/ gives 
RT 

v = Ya 

P 


Then, 


R 

y dTj P ~~P 


The entropy differential is 

dT fdv'' 


ds = c 


p t 

dT 


= c 


p 


T 


R 


dT 

dP 


dP 


J p 


P 


which is the same as that of an ideal gas. Integrating this result between the two states gives 


77 


2 = C P In — -/^ln 


T 


El 

P 


= (5.1926 kJ/kg-K)ln 


573 K 
293 K 


= -0.2386k J/kg K 


(2.0769 kJ/kg • K)ln 


600 kPa 
100 kPa 
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12-26 


12-40 General expressions for Aw, A h, and As for a gas whose equation of state is P(v-a) = RT for an isothermal process are 
to be derived. 

Analysis {a) A relation for A u is obtained from the general relation 


C T 1 j* t/ 2 

An ~ii 2 - w \ = I c w dT + T 

Jr, 


'dP' 

dT 


-P 


dv 


\ U1 Jv 

The equation of state for the specified gas can be expressed as 


P = 


RT 


v - a 


■> 




yST , 


R 


t / — a 


Thus, 


T 


'dP' 


\dT 


-P = 


RT 


v -a 


-P= P-P = 0 


Substituting, 


c t 2 

c dT 

( b ) A relation for Ah is obtained from the general relation 

r T 2 r p i( ( dv \ \ 

A h = h 2 -h ] = \ CpdT+\ \v-T — dP 

- Jr, f [ 1 0r) P ) 

The equation of state for the specified gas can be expressed as 

'dv' 


A u = 


RT 

v = va 

P 


-> 


\dT j p 


R 

P 


Thus, 


i j-T 


f dv ' 


\dT j p 


= v-T ^ = v - (v - a) = a 


Substituting, 


Ah = J c p dT + J adP - j* c p dT + a(P 2 ~ P \ ) 


(c) A relation for As is obtained from the general relation 


As = So -s, = 


■-j :>-i 


Af dv 


* VdTj 


dP 


Substituting ( dv/dT) P = R/T , 


As = 


jt T h 


dT - I - 
p, l P 


dP = 


J p 


f 2 c _p_ 

Jr, T 


dT-Rl n 


h 

P 


For an isothermal process dT = 0 and these relations reduce to 


A u — 0, Ah = a{P 2 - P \ ), and As = -R\n 


h 

p 
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12-27 


12-41 General expressions for A u, A h, and As for a gas that obeys the van der Waals equation of state for an isothermal 
process are to be derived. 

Analysis (a) For an isothermal process dl’= 0 and the general relation for A u reduces to 


J 'T C u 2 

c„dT + T 
r, J i/, 


' dP ) p\j 

— -P dv = 

\ dT ) v ) 


r” 2 

Ji/, 


T 


r dP ^ 


-P 


dv 


The van der Waals equation of state can be expressed as 


P = 


RT a 


v-b v 2 


r 8P^ 


R 


v-b 


Thus, 


T 


r dP_^ 
ydT; v 


„ RT RT a a 
-P = + 


v-b v-b v 2 {/ 2 


Substituting, 

a P a , 

A u — — —a v = a 

v 2 


r 1 P 


v t/i v 2 j 


( b ) The enthalpy change A h is related to A u through the relation 


Ah = Au + P 2 v 2 —P\ V\ 


where 


Pv = 


RTv a 


v-b v 


Thus, 


P 2 v 2 -Pi V\ = RT 




Vi 


\V 2 ~b v x -bj 


+ Cl 


1 1 


V l/l V 2 j 


Substituting, 

Ah = 2 a 


/ 1 y 


K v l ”2 J 


+ RT 


V 


Vi 


K v 2 -b v x -bj 


(c) For an isothermal process dT = 0 and the general relation for As reduces to 


As = So - s, = 


■-i 


\ T ' c "ir + [' ( dP ' 

dv = 

pf dP'} 

j 71 T Jc, {dT J 

V 

■f UrJ 


dv 


Substituting (dP/dT) v = R/(v- b). 


"2 R 


As = I - 

v 


— b 


dv = R\n 


~ b 
c/j -b 
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12-28 


12-42 Expressions for the specific heat difference cyc^for three substances are to be derived. 
Analysis The general relation for the specific heat difference c p - c v is 


c — c — —T 

^ p u 


Sc/ 

\°T j p 


(a) For an ideal gas P„ = RT. Then, 


1/ = 


P = 


RT 

P 

RT 

v 


r d ^ 


dT 

r dP^ 


dv 


Substituting, 


c — c — —T 

L p v 


f P ' 

\ vj 


f 


( b ) For a van der Waals gas 


f dP 



Ui/. 

>T 


Then, 



R 


p 

P 



RT 



2 

T 

V 


'R' 

TR 

Jy 

~ Pv 


a ^ 


P + - 

ft/ 


v 


R = R 


(« /-b) = RT. Then, 


V t r j 


T = — 

R 


a 


P + 


V t r j 


(v-b) 


f dT ] 

1 

f 2a 1 

I (u-h)+ 1 

{ P+ <0 


P ~R 

l t/ 3 J 

r b > + R 

l v 2 ) 


2 a(b - v) + T 


Rv 


v-b 


Inverting, 


Also, 


^ dv^ 
\dT j p 


2 a{b - v) r" 


Rv 


v-b 


P = 


Substituting, 


RT a 
v-b v 2 


r dP^ 


RT 2 a 


{dv) T {v-bf v 


c — c —T 


\2 


1 


2 a(b - v) Y 


RT 2 


{v-b) 2 v 


v R v v-b y 

(c) For an incompressible substance v= constant and thus (dv/dT) P = 0. Therefore, 


c p -c v = 0 
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12-29 


f dP') 


f 5</ l 

UrJ 

i/ 



12-43 It is to be shown that c p - c w = T 


Analysis We begin by taking the entropy to be a function of specific volume and temperature. The differential of the entropy 
is then 


ds = 


f ds ' 


Substituting 


dT + 


\ U1 Jv 


f ds^ 

ydvj T 


dv 


c. 


K dTj 


c. 


V 


= from Eq. 12-28 and the third Maxwell equation changes this to 


ds = — dT + 
T 


r dP^ 


dv 


Taking the entropy to be a function of pressure and temperature, 


ds = 




dT + 




\dT j p 

Combining this result with 


dP 

ds 

v ar y 


dP 


\ ur J T 


c 


p 


p 


T 


from Eq. 12-34 and the fourth Maxwell equation produces 


c 


ds = — dT - 
T 


'(hP 

dr, 


dp 


Equating the two previous ds expressions and solving the result for the specific heat difference, 


(c p —c v )dT = T 


f s p 


\dT j P 


dP + 


r dP ^ 

v ar y 


dv 


Taking the pressure to be a function of temperature and volume, 


dP = 


r dP^ 

K JTj 


dT + 


r dP^ 

K dvj T 


dv 


When this is substituted into the previous expression, the result is 


(c p -c w )dT = T 


r dv^ 


dT 


r dP A 


\ U1 J p 


dT 


dT + T 


J c/ 


r dv^ 


dT 


r dP^ 


Jp 


dv 


r dP ' 




dT 


Jv 


dv 


According to the cyclic relation, the term in the bracket is zero. Then, canceling the common dT term, 


c — c —T 

L p v 


f sp) 


f 5t/ l 

UrJ 

V 

UrJ 
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12-30 



As the two systems approach thermal equilibrium, 
lim dS tot = 0 

T A ^ B 
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12-31 


12-45 Relations for the volume expansivity ft and the isothermal compressibility a for an ideal gas and for a gas whose 
equation of state is P(v-a) = RT are to be obtained. 

Analysis The volume expansivity and isothermal compressibility are expressed as 


P =if^ 

i /{dT 


J p 


i 1 ( dv 

and a = 

v 


V 


dP 




Jt 


(i a ) For an ideal gas i/= RT/P. Thus, 


dv_ 

dT 

0t/ 

dP 


J p 


R 

P 


->p=i*=i 

v P T 


Jt 


RT 
P 2 


v 

P 


1 

-» a = — 

(/ 


c/ 

P 


1 

P 


( b ) For a gas whose equation of state is (/ = RT/P + a , 


01 / 

0P 

0t/ 

dP 




J p 




P 

P 




P 


pp 

p 2 


v — a 


P 


v P RT + aP 


1 


-> a = 

(/ 


v -a 


P 


v -a 

Pi/ 


12-46 An expression for the isothermal compressibility of a substance whose equation of state is P = 
is to be derived. 

Analysis The definition for the isothermal compressibility is 


RT 


a 


v — b t/(i / + Z?)P 


1/2 


1 

a = — 

i/ 


^01/^ 
\dP jj 


The derivative is 

r 8P^ 


\dv j 


RT a 
+ 


2i / + b 


T (v-b) 2 ' T V2 «/ 2 (l > + b) 2 


Substituting, 


1 (dv 2 ' 
a - — — 
v\dP j T 


1 

i/ 


RT 
( v-b ) 


+ 


a 


2t/ + b 


T 112 i/ 2 (i/ + 0) 2 


1 

PPi/ a 2v + b 
(v-b) 2 + T 112 (v+b) 2 
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12-32 


12-47 An expression for the volume expansivity of a substance whose equation of state is P = 


RT 


a 


v-b i / 2 T 


is to be derived. 


Analysis The definition for volume expansivity is 




v 


\9T; P 


According to the cyclic relation, 


'dv_' 
v dT J p 


'dP_' 
ydvj T 


'dT' 

\~dPj 


= -l 


which on rearrangement becomes 

' dP^ 

'dv\ l dTj u 


\dT j p 


'dP' 


ydVj T 


Proceeding to perform the differentiations gives 


'dP_' 


R 


a 


v-b v z T 


2 r r 2 


and 


' dP [' 
ydvj T 


RT 


2 a 


(v-b) 2 v 3 T 


Substituting these results into the definition of the volume expansivity produces 


R 


a 


p= 


1 v-b i , 2 T 2 

v -RT 2 a 
+ 


(v-b) 2 v 3 T 
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12-33 


12-48 It is to be shown that ft = a 


r dP^ 


ydT , 


Analysis The definition for the volume expansivity is 




t/ 


\8Ty p 


The definition for the isothermal compressibility is 


1 

a = — 

i/ 


\dP jt 


According to the cyclic relation, 


r dv_^ 
ydT j p 


r dP^ 

ydvj-p 


r dT^ 

y~dPj 


= -l 


which on rearrangement becomes 


r d^ 

ydT J p 


r d_ ^ 

y dP j p 


r dP^ 

ySTj 


When this is substituted into the definition of the volume expansivity, the result is 


1 

fdv} 


f dP ) 

(/ 

{dpj 

T 

UrJ 


= -a 


dp_ 

ydT; v 
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12-34 


12-49 It is to be demonstrated that k = 


c 


p 


va 


c v ( 01 >!dP) s ' 


Analysis The relations for entropy differential are 


ds = c. 


ds = c 


dT 

T 

dT 


+ 


r dP' 


ydT, v 

P Cl . . \ 


P 


T 


dv_ 

v dT j p 


dv 

dP 


For fixed s, these basic equations reduce to 
dT ( dP N 


c, 


c 


T 

dT 


\dT j y 


f c . . \ 


01 / 


p t 

Also, when s is fixed, 
dv ( ai/ A 


\dT j p 


dv 

dP 


dP 


K dPy 


Forming the specific heat ratio from these expressions gives 


k = - 


fdv) 


( 07^ 

\ST j 

P 





dP 


The cyclic relation is 


( 0l/^| 


( dP 


( 0r^i 

UrJ 

P 

{dvj 

T 



= -l 


Solving this for the numerator of the specific heat ratio expression and substituting the result into this numerator produces 

r dv'' 


k = 


\dP j T va 


"0(/' 

y dP, 


"0t/' 

v 0P y 
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12-35 


12-50 The Helmholtz function of a substance has the form a = -RT In 


(/ 


cT, 




f r~j~i rj~i rj~i 

1 h — In — 


To T 0 


T, 


. It is to be shown how 


oy 


to obtain P, h, s, and c p from this expression. 

Analysis Taking the Helmholtz function to be a function of temperature and specific volume yields 


da = 


r da ' 


K dTj 


dT + 


r da^ 


dv 


du 




while the applicable Helmholtz equation is 
da = —Pdi/ — sdT 

Equating the coefficients of the two results produces 


P = - 


s = - 


da 

ydVj T 

f da' 

ydTj 


Taking the indicated partial derivatives of the Helmholtz function given in the problem statement reduces these expressions 
to 


RT 

v 


s - R In 


i/ 


cln 




T 


The definition of the enthalpy (h = u + P 0) and Helmholtz function (a = u-Ts) may be combined to give 

h= u+ Pv 
= a + Ts + Pv 


= a—T 


r da' 


yST , 


r da' 


— v 


= -RT In 


i/ 


cT 


v 


( rj~i rj~i rj~i 1 

1 + — In — 


o 


To T 0 


T 


+ RT In 


c/ 


oy 


V, 


According to 


= cTq +cT + RT 

r ds ' 


ydT , 


c. 


= given in the text (Eq. 12-28), 


cT In — + RT 


T 


o 


C„ =T 


ds 

dT 


x c 

= T — = c 
T 


The preceding expression for the temperature indicates that the equation of state for the substance is the same as that of an 
ideal gas. Then, 

c p =R + c w = R + c 
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12-51 It is to be shown that the enthalpy of an ideal gas is a function of temperature only and that for an incompressible 
substance it also depends on pressure. 

Analysis The change in enthalpy is expressed as 


dh = c P dT + 


i /-T 




ydT j p j 


dP 


For an ideal gas i/= RT/P. Then, 


t j-T 


f ac/ A 


\dT j p 


= v-T 


f R ^ 
j 


= «/-(/ = 0 


Thus, 


dh = c p dT 


To complete the proof we need to show that c p is not a function of P either. This is done with the help of the relation 


r a- A 


dc 


p 


. dP . 

V J j 


For an ideal gas, 


= -T 


( d 1 ^ 


Thus, 


K dT Jp 


P \ 


dc 


v dP JT 


= — and 
P 


= 0 


(d 2 v) 


f 8(R/Pp 

Ur 2 J 

P 

{ dT j 


= 0 


Therefore we conclude that the enthalpy of an ideal gas is a function of temperature only. 
For an incompressible substance t/= constant and thus di//5T = 0. Then, 


dh — c p dT + vdP 


Therefore we conclude that the enthalpy of an incompressible substance is a function of temperature and pressure. 
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The Joule-Thomson Coefficient 


12-52C It represents the variation of temperature with pressure during a throttling process. 


12-53C The line that passes through the peak points of the constant enthalpy lines on a T-P diagram is called the inversion 
line. The maximum inversion temperature is the highest temperature a fluid can be cooled by throttling. 


12-54C No. The temperature may even increase as a result of throttling. 


12-55C Yes. 


12-56C No. Helium is an ideal gas and h = h{T) for ideal gases. Therefore, the temperature of an ideal gas remains 
constant during a throttling ( h = constant) process. 


12-57E 


The Joule-Thompson coefficient of nitrogen at two states is to be estimated. 


Analysis (a) The enthalpy of nitrogen at 120 psia and 350 R is, from EES, h = 84.88 Btu/lbm. Approximating differentials 
by differences about the specified state, the Joule-Thomson coefficient is expressed as 


M = 


' cT' 


AT^ 

K cP) 

h 

vA Pj 


/?=84.8 8 Btu/lbm 


Considering a throttling process from 130 psia to 1 10 psia at h = 84.88 Btu/lbm, the Joule-Thomson coefficient is 
determined to be 


M = 


•^"l 10 psia -^130 psia 


V 


(110-130) psia 


7 


/?=84.88Btu/lb 


(349.40- 350.60) R 
(110-130) psia 


= 0.0599 R/psia 


( b ) The enthalpy of nitrogen at 1200 psia and 700 R is, from EES, h = 170.14 Btu/lbm. Approximating differentials by 
differences about the specified state, the Joule-Thomson coefficient is expressed as 


M = 


r dr^ 


"A 7 ^ 

K cPj 

h 

vA Py 


/?=17Q14Btu/lbm 


Considering a throttling process from 1210 psia to 1190 psia at h = 170.14 Btu/lbm, the Joule-Thomson coefficient is 
determined to be 


M = 


^1190psia ^1210psia 

(1 190 - 1210) psia 


\ 


7 


/z=l 7Q 14 Btu/lbm 


(699.91- 700.09) R 
(1190-1210) psia 


= 0.00929 R/psia 
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12-58E 



Problem 12-57E is reconsidered. The Joule -Thompson coefficient for nitrogen over the pressure range 100 to 


1500 psia at the enthalpy values 100, 175, and 225 Btu/lbm is to be plotted. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Gas$ = 'Nitrogen' 
{P_ref=120 [psia] 
T_ref=350 [R] 


P= Pref} 
h=100 [Btu/lbm] 

{h=enthalpy(Gas$, T=T_ref, P=P_ref)} 
dP = 10 [psia] 

T = temperature(Gas$, P=P, h=h) 

P[1] = P + dP 
P[2] = P - dP 

T[1] = temperature(Gas$, P=P[1], h=h) 

T[2] = temperature(Gas$, P=P[2], h=h) 

Mu = DELTAT/DELTAP "Approximate the differential by differences about the state at h=const." 
DELTAT=T[2]-T[1] 

DELTAP=P[2]-P[1] 


h = 225 

Btu/lbm 

P [psia] 

p [R/psia] 

100 

0.004573 

275 

0.00417 

450 

0.003781 

625 

0.003405 

800 

0.003041 

975 

0.002688 

1150 

0.002347 

1325 

0.002015 

1500 

0.001694 



12-59 Steam is throttled slightly from 2 MPa and 500°C. It is to be determined if the temperature of the steam will increase, 
decrease, or remain the same during this process. 


Analysis The enthalpy of steam at 2 MPa and T = 500°C is h = 3468.3 kJ/kg. Now consider a throttling process from this 
state to 1 .8 MPa, which is the next lowest pressure listed in the tables. The temperature of the steam at the end of this 
throttling process will be 


P = 1.8 MPa 
h = 3468.3 kJ/kg 



= 499.0°C 


Therefore, the temperature will decrease. 
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12-60 The Joule-Thompson coefficient of steam at two states is to be estimated. 

Analysis ( a ) The enthalpy of steam at 3 MPa and 300°C is h = 2994.3 kJ/kg. Approximating differentials by differences 
about the specified state, the Joule-Thomson coefficient is expressed as 


P = 


f dT ] 


'at' 

U p) 

h 

vA ~Pj 


h = 29943 kJ/kg 


Considering a throttling process from 3.5 MPa to 2.5 MPa at h- 2994.3 kJ/kg, the Joule-Thomson coefficient is determined 
to be 


P = 


T 


3.5 MPa 


Q -T 


2.5 MPa 


(3.5 -2.5) MPa 


2/7=29943 kJ/kg 


(306.3 -294)°C 
(3.5 -2.5) MPa 


= 12.3 °C/MPa 


(b) The enthalpy of steam at 6 MPa and 500°C is h = 3423.1 kJ/kg. Approximating differentials by differences about the 
specified state, the Joule-Thomson coefficient is expressed as 


P = 


f dT ] 


'AT' 

U p) 

h 

vA 7 


Considering a throttling process from 7.0 MPa to 5.0 MPa at h = 3423.1 kJ/kg, the Joule-Thomson coefficient is determined 
to be 


M = 


^7.0 MPa ^5.0 MPa 

(7.0-5. 0) MPa 


2/7=34231 kJ/kg 


(504.8- 495. 1)°C 
(7.0-5. 0) MPa 


= 4.9°C/MPa 


12-61E The Joule-Thomson coefficient of refrigerant- 134a at a given state is to be estimated. 
Analysis The Joule-Thomson coefficient is defined as 


M = 


' 8T '' 


h 


We use a finite difference approximation as 




t 2 -t 1 

Pi -Pi 


(at constant enthalpy) 


At the given state (we call it state 1), the enthalpy of R-134a is 


P x = 40 psia 
T x = 60°F 


\ h x =1 13.80 Btu/lbm (TableA-13E) 


The second state will be selected for a pressure of 30 psia. At this pressure and the same enthalpy, we have 


P 2 = 30 psia 

h 2 =h x =113.80 kJ/kg 


\T 2 = 56.83°F (Table A - 13E) 


Substituting, 


M = 


T2-T1 
Pi -Pi 


(56.83 -60)R 
(30 - 40)psia 


0.317R/psia 
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12-62 It is to be demonstrated that the Joule-Thomson coefficient is given by ju = 


T 


c 


d{u!T) 


p V 


dT 


y p 


Analysis From Eq. 12-52 of the text, 


p 


1 

T 

fdi/l 

-v 

F 


{dT j 

p 


Expanding the partial derivative of v!T produces 


( dv/T) 

_ 1 

rs*q 

1/ 

l ST j 

p~T 

[dT) 

r-p 2 

P t 


When this is multiplied by T 2 , the right-hand side becomes the same as the bracketed quantity above. Then, 


P = 


T 


d(v/T ) 


c 


p 


dT 


y p 


12-63 The equation of state of a gas is given to be P(v-a) = RT. It is to be determined if it is possible to cool this gas by 
throttling. 

Analysis The equation of state of this gas can be expressed as 


RT 

v = Ya 

P 


\dT Jp 


R 

P 


Substituting into the Joule-Thomson coefficient relation, 




1 


c 


p 


i /-T 




dT 


\U1 J p 


C 


1 ( t R 
i t-T — 

P 


v 


= — — (v-v + a) = 
c p 


a 


<0 


c 


p 


Therefore, this gas cannot be cooled by throttling since ju is always a negative quantity. 
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12-64 Relations for the Joule-Thompson coefficient and the inversion temperature for a gas whose equation of state is 
(P+a/if) i /= RT are to be obtained. 

Analysis The equation of state of this gas can be expressed as 



2 av T RTv-2a 
Rv 2+ v Rv 2 


Substituting into the Joule-Thomson coefficient relation, 


1 { v -i( 8v '\ 1 L_ RT{/2 1__ 2av 

C p y \STJ P ) c p [ RTv-2a) c p {2a-RTv) 


The temperature at ju = 0 is the inversion temperature, 


2av 

u = = 0 

c n (2a-RTv) 


Thus the line of i/ = 0 is the inversion line. Since it is not physically possible to have t/ = 0, this gas does not have an 
inversion line. 
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The dh , du, and ds of Real Gases 


12-65C As P R approaches zero, the gas approaches ideal gas behavior. As a result, the deviation from ideal gas behavior 
diminishes. 


12-66C So that a single chart can be used for all gases instead of a single particular gas. 


12-67 The enthalpy of nitrogen at 175 K and 8 MPa is to be determined using data from the ideal -gas nitrogen table and the 
generalized enthalpy departure chart. 

Analysis (a) From the ideal gas table of nitrogen (Table A- 18) we read 


h = 5083.8 kJ/kmol = 1 81 .48kJ/kg (M No = 28.013 kg/kmol) 

at the specified temperature. This value involves 44.4% error. 

( b ) The enthalpy departure of nitrogen at the specified state is determined 
from the generalized chart to be 


and 


T r = 


Pr = 


T 175 


T 126.2 


= 1.387 


cr 


P 8 


P cr 3.39 


= 2.360 


_ (^ideal ^T,P 

->Z h = = 1.6 


R u T cr 


Thus, 


or, 


h =/* ldcal -Z h R u T cr = 5083.8 - [(l .6 )(8 . 3 1 4 )(l 26.2)] = 3405.0 kJ/kmol 


, h 3405.0 kJ/kmol 

h = — = = 121.6 kj/kg (3.1%error) 

M 28.013 kg/kmol 
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12-68E The enthalpy of nitrogen at 400 R and 2000 psia is to be determined using data from the ideal-gas nitrogen table and 
the generalized enthalpy departure chart. 


Analysis (a) From the ideal gas table of nitrogen (Table A-18E) we read 
h = 2777.0 Btu/lbmol= 99.1 8 Btu/lbm = 28 lbm/lbmo|) 

at the specified temperature. This value involves 44.2% error. 

( b ) The enthalpy departure of nitrogen at the specified state is determined 
from the generalized chart to be (Fig. A-29) 


T r = 


Pr = 


T 


400 


T cr 221.1 
P 2000 


P, 


cr 


492 


= 1.761 


= 4.065 




(^ideal T,P 


R u T cr 


= 1.18 


Thus, 


or, 


h = /r ideal -Z h R u T cr = 2777.0 - [(l. 1 8)(l .986)(227. l)] = 2244.8 Btu/lbmol 


, h 2244.8 Btu/lbmol ... 

h = — = = 80.1 7 Btu/lbm (54.9% error) 

M 28 lbm/lbmol 
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12-69 The enthalpy and entropy changes of C0 2 during a process are to be determined assuming ideal gas behavior and 
using generalized charts. 


Analysis {a) Using data from the ideal gas property table of C0 2 (Table A-20), 
Oh - >h ) ideal = /! 2,ideai - Videai = §’697 - 7,627 = 1,070 kJ/kmol 
(^2 — ‘?i ) ideal = *^ 2 — \ -R u In §- = 21 1.376 -207.337- 8.314 x In E 

M ' 

= -0.442 kJ/kmol K 


250 K ca 280 K 
7 MPa 12 MPa 


(^2 ^l) ideal 




ideal 


(h 2 h { ) ideal 

M 

(S 2 ~^i) ideal 

M 


1,070 kJ/kmol 
44 kg/kmol 


24.32 kJ/kg 


-0.442 kJ/kmol 
44 kg/kmol 


-O.OIOOkJ/kg K 


(/?) The enthalpy and entropy departures of C0 2 at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30) 


and 


Tr i = 

Pr\ = 

Tr2 - 
Pr2 = 



250 

T a 

~ 304.2 " 

Pi 

7 

Per 

” 7.39 " 

T 2 

280 

Ter 

~ 304.2 " 

Pi 

12 

Per 

~ 7.39 “ 


- 0.822 
0.947 

= 0.920 
1.624 


> Z hl = 5.5 and Z 9l = 5.3 


> Z h 2 =5.0 and Z s2 = 4.2 


Thus, 

h 2 -h x = RT CI (Z hl -Z h2 ) + (h 2 -h x ) ideal = (0.1889X304.2X5.5-5.0)+ 24.32 = 53.05 kJ/kg 
s 2 -sj = R(Z sl -Z s2 ) + (s 2 -^Oideai =(0-1889X5.3-4.2)-0.010 = 0.198 kJ/kg -K 
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12-70E The enthalpy and entropy changes of water vapor during a change of state are to be determined using the departure 
charts and the property tables. 

Properties The properties of water are (Table A- IE) 

M = 1 8.015 lbm/lbmol, T cr = 1 164.8 R, P CY = 3200 psia 

Analysis (a) The pressure of water vapor during this process is 

P\ = P 2 = ^sat @ 40 CPF ~ 247 .26 psia 


Using data from the ideal gas property table of water vapor (Table A-23), 

(h 2 ~ h i ) idea i = /J 24deal - h l iAe . A = 10,354.9 - 6895.6 = 3459.3 Btu/lbmol 
and 



P 


s x ) id eai = ^2 - s °\ - R u In — = 52.212 - 48.916 - 0 = 3.296 Btu/lbmol- R 


P 


The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30 or from EES-We used EES.) 


and 


T m = 


r r\ ~ 


r, 


T, 


cr 

Pi 


R 


cr 


860 

1164.8 

247.26 

3200 


0.7380 
: 0.07727 


>Z M =0.1342 and Z d =0.1171 


Pr2 - 


Pr2 ~ 


Per 
P o 


R 


cr 


1260 

1164.8 

680.56 

3200 


1.081 
: 0.07727 


» Z h2 = 0.07213 and Z s2 = 0.04595 


The enthalpy and entropy changes per mole basis are 

h 2 - h x = ( h 2 - h x ) ideal - R u T cr (Z h 2 - Z hx ) 

= 3459.3 - (1.9858)(1 164.8)(0.07213 - 0.1342) = 3602.9 kJ/kmol 


^2 ^1 ) ideal R u^s2 ^ sO 

= 3.296 - (1.9858X0.04595 - 0.1 171) = 3.4373 Btu/lbmol- R 
The enthalpy and entropy changes per mass basis are 

3602.9 Btu/lbmol 


- A, - - 

M 

s 2 - s x 


18.015 lbm/lbmol 
3.4373 Btu/lbmol- K 


S o S i — 


" 1 M 18.015 lbm/lbmol 

( b ) The inlet and exit state properties of water are 


= 200.0Btu/lbm 

= 0.1908Btu/lbm R 


T x = 400°F 
x x =1 


h x = 1201.4 Btu/lbm 
s x =1.5279 Btu/lbm- R 


(Table A-4E) 


P ? = 247.26 psia] h 2 = 1423.6 Btu/lbm 

2 F 2 (from EES) 
r 2 =800°F =1.7418 Btu/lbm- R 

The enthalpy and entropy changes are 

h 2 -h x =1423.6- 1201.4 = 222.2Btu/lbm 
s 2 -s l = 1.7418 -1.5279 = 0.21 39Btu/lbmR 
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12-71 The enthalpy and entropy changes of water vapor during a change of state are to be determined using the departure 
charts and the property tables. 

Properties The properties of water are (Table A-l) 

M = 18.015 kg/kmol, T cr = 647.1 K, P cr =22.06 MPa 


Analysis Using data from the ideal gas property table of water vapor (Table A-23), 
(h 2 - hi) ideal =^2jdeai “ ^udeai = 23,082 - 30,754 = -7672 kJ/kmol 


and 


P 


500 


(s 2 -s x ) idea i = s° 2 - R u In — = 217. 141 - 227. 109 - 8.3 14 x In = -4.2052 kJ/kmol- K 


P 


1000 


The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30 or from EES) 


and 


Tr 1 = 


Pr\ ~ 


Tr2 ~ 


Pr2 ~ 


T\ 

873 

T CI 

647.1 

Pi 

1 

P a 

22.06 

t 2 

673 


~ 647.1 

p 2 

0.5 

Per 

~ 22.06 


= 1.349 
= 0.0453 


= 1.040 
= 0.0227 


■» Z hx =0.0288 and Z sl =0.0157 


A Z h2 = 0.0223 and Z s2 = 0.0146 


The enthalpy and entropy changes per mole basis are 

^2~\ ~ (^2 “ ^1 ) ideal “ cr (%h2 ~ ^ hi ) 

= -7672 - (8.3 14)(647. 1)(0.0223 - 0.0288) = -7637 kJ/kmol 

^2 _ ^1 = (^2 “ ^1 ) ideal “ ^ u ^ s2 ~ % s\ ) 

= -4.2052 -(8.314)(0.0146 -0.0157) = -4.1961 kJ/kmol- K 


The enthalpy and entropy changes per mass basis are 

h 2 -h x -7637 kJ/kmol 


h 2 -h x = 


S o S i — 


M 


S o - .V 


18.015 kg/kmol 
- 4. 1 961 kJ/kmol -K 


M 


18.015 kg/kmol 


= -423.9kJ/kg 

= -0.2329k J/kg K 


The inlet and exit state properties of water vapor from Table A-6 are 


P x = 1000 kP a 
T x = 600°C 


h x = 3698.6 kJ/kg 
s x = 8.03 11 kJ/kg -K 


P 2 = 500 kPa 
T 2 = 400°C 


h 2 =3272.4 kJ/kg 
s 2 =7.7956 kJ/kg -K 


The enthalpy and entropy changes are 

h 2 -h x =3272.4 -3698.6 = -426.2k J/kg 
s 2 -s x =7.7956 -8.0311 = -0.2355k J/kg K 
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12-72 Methane is compressed adiabatically by a steady-flow compressor. The required power input to the compressor is to 
be determined using the generalized charts. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis The steady-flow energy balance equation for this compressor can be expressed as 


^in ^out ^^system 


+0 (steady) _ 


= 0 


^in ^out 


W c in + mh x — mh 2 

W c ,in = m{h 2 ->h ) 


The enthalpy departures of CH 4 at the specified states are determined 
from the generalized charts to be (Fig. A-29) 


and 


Tr 1 
Pr\ 

Tr2 

Pr.2 


T\ 

263 

T a 

~ 191.1 

Pi 

_ 0.8 

Per 

~ 4.64 ' 

T 2 

448 

T a 

191.1 

P 2 

6 

Per 

_ 4.64 


= 1.376 
0.172 


:2.34 

1.29 




> Zh2 


= 0.075 


= 0.25 


Thus, 

h 2 - h x = RT cr (Z hx - Z h 2 ) + (h 2 - h x ) ideal 

= (0.5 1 82)(l 9 1 . lXO-075 - 0.25)+ 2.2537(l75 - (- 10)) 
= 399.6 kJ/kg 


6 MPa 
175°C 



-10 °C 


Substituting, 

W Cin = (0.33 kg/sX399.6 kJ/kg) = 132 kW 
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12-73 Carbon dioxide passes through an adiabatic nozzle. The exit velocity is to be determined using the generalized 
enthalpy departure chart. 

Assumptions ISteady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The nozzle is 
adiabatic and thus heat transfer is negligible 

Properties The gas constant of C0 2 is 0.1889 kJ/kg.K (Table A-l). 

Analysis The steady-flow energy balance equation for this nozzle 
can be expressed as 

p a _ AF Steady) _ n P, = 8 MPa C 0 2 P *< = 2. MPa 

^in ^out ^^system 0 7’ 1 =450K ^ r 2 = 350 K 

h x + (Vf I if 0 = h 2 + (V 2 2 / 2) 

V 2 - - h 2 ) 

The enthalpy departures of C0 2 at the specified states are determined from the generalized enthalpy departure chart to be 

T Rl = — = = !.48 ] 

T cr 304.2 

! . >Z«=0.55 


P 2 = 2 MPa 
T 2 = 350 K 


Tri = 


Pr\ ~ 


Tri - 


Pr2 ~ 


T'cr 

304.2 

Pi 

8 

Per 

_ 7.39 " 

T 2 

350 

T cr 

~ 304.2 " 

P 2 

2 

Per 

~ 7.39 ~ 


- = 1.15 
= 0.27 


Zu, = 0.20 


Thus, 

^2 “ \ — RT cy (Z m - Z h 2 ) + (h 2 - h x ) ideal 

= (0.1889X304.2X0.55-0.2)+(ll, 351-15, 483)/44 = -73.8 kJ/kg 

Substituting, 

V 2 = 1 2(73.8 kJ/kgf 1000 m /S = 384 m/s 
2 11 V 1 kJ/kg 


= 384 m/s 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



12-49 



12-74 Problem 12-73 is reconsidered, the exit velocity to the nozzle assuming ideal gas behavior, the generalized 

chart data, and EES data for carbon dioxide are to be compared. 

Analysis The problem is solved using EES, and the results are given below. 


Procedure INFO(Name$: Fluid$, T_critical, p_critical) 

If Name$='CarbonDioxide' then 

T_critical=304.2 ; p_critical=7390 ; Fluid$='C02' 

endif 

END 

T[1]=450 [K] 

P[1]=8000 [kPa] 

P[2]=2000 [kPa] 

T[2]=350 [K] 

Name$='Carbon Dioxide' 

Call INFO(Name$: Fluid$, T_critical, P_critical) 

R_u=8.314 

M=molarmass(Fluid$) 

R=R_u/M 

"****** IDEAL GAS SOLUTION ******" 

"State 1 nd 2" 

hJdeal[1]=enthalpy(Fluid$, T=T[1]) "Enthalpy of ideal gas" 
h_ideal[2]=enthalpy(Fluid$, T=T[2]) "Enthalpy of ideal gas" 

"Exit velocity:" 

V_2_ideal=SQRT(2*(h_ideal[1]-h_ideal[2])*convert(kJ/kg,m A 2/s A 2))"[m/s]" 

"***** COMPRESSABILITY CHART SOLUTION ******" 

"State 1 " 

Tr[1]=T[1]/T_critical 

Pr[1]=P[1]/P_critical 

DELTAh[1]=ENTHDEP(Tr[1], Pr[1])*R*T_critical "Enthalpy departure" 
h[1]=h_ideal[1]-DELTAh[1] "Enthalpy of real gas using charts" 

"State 2" 

T r[2]=T[2]/T_critical 
Pr[2]=P[2]/P critical 

DELTAh[2]=ENTHDEP(Tr[2], Pr[2])*R*T_critical "Enthalpy departure" 
h[2]=h_ideal[2]-DELTAh[2] "Enthalpy of real gas using charts" 

"Exit velocity:" 

V_2_EnthDep=SQRT(2*(h[1]-h[2])*convert(kJ/kg,m A 2/s A 2)) "[m/s]" 

"***** SOLUTION USING EES BUILT-IN PROPERTY DATA *****" 

"At state 1 and 2" 

h_ees[1 ]=enthalpy(Name$,T=T[1],P=P[1 ]) 
h_ees[2]=enthalpy(Name$,T=T[2],P=P[2]) 

"Exit velocity:" 

V_2_ees=SQRT(2*(h_ees[1]-h_ees[2])*convert(kJ/kg,m A 2/s A 2))"[m/s]" 
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SOLUTION 

DELTAh[1]=34.19 [kJ/kg] 
DELTAh[2]=13.51 [kJ/kg] 
Fluid$- C02' 
h[1]=-8837 [kJ/kg] 
h[2]=-8910 [kJ/kg] 
h_ees[1]=106.4 [kJ/kg] 
h_ees[2]=31.38 [kJ/kg] 
h_ideal[1]=-8803 [kJ/kg] 
h_ideal[2]=-8897 [kJ/kg] 
M=44.01 [kg/kmol] 
Name$- CarbonDioxide' 
P[1]=8000 [kPa] 
P[2]=2000 [kPa] 


Pr[1]=1 .083 
Pr[2]=0.2706 
P_critical=7390 [kPa] 
R=0.1889 [kJ/kg-K] 
R_u=8.314 [kJ/kmol-K] 
T[1]=450 [K] 

T[2]=350 [K] 

Tr[1]=1 .479 
T r[2]=1 .151 
T_critical=304.2 [K] 
V_2_ees=387.4 [m/s] 
V_2_EnthDep=382.3 [m/s] 
V_2Jdeal=433 [m/s] 
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12-75E Oxygen is to be adiabatically and reversibly expanded in a nozzle. The exit velocity is to be determined using the 
departure charts and treating the oxygen as an ideal gas with temperature variable specific heats. 

Properties The properties of oxygen are (Table A-l) 

M =31.999 lbm/lbmol, R = 0.06206 Btu/lbm- R, T cr = 278.6 R, P cr = 736 psia 


Analysis The temperature at the exit state may be determined by the fact that the process is isentropic and the molar entropy 
change between the inlet and exit is zero. From the entropy change equation for an ideal gas with variable specific heats: 

(S 2 _ ^l) ideal = ^ 


p 70 

s° 0 -s\ =R U In — = (1.9858) In = -2.085 Btu/lbmol- R 

2 1 w P x 200 

Then from Table A-19E, 

T x = 1060 R >/z" l ideal =7543.6 Btu/lbmol si = 53.921 Btu/lbmol- R 

s° 2 =sl- 2.085 = 53.921 - 2.085 = 51 .836 Btu/lbmol- R 

^2 =51.836 Btu/lbmol- R >T 2 =802R, h 2 ^ dea i = 5614.1 Btu/lbmol 

The enthalpy change per mole basis is 



( h 2 -^Oideai =*2ideai-*udeai =5614. 1-7543.6 = -1929.5 Btu/lbmol 


The enthalpy change per mass basis is 


{h 2 h x ) idea i 


= -1929.5B[u/lbmol = ^ M BtWlbm 
M 3 1.999 lbm/lbmol 


An energy balance on the nozzle gives 

^in “ ^out 

m(h x + V x / 2) = m(h 2 + V 2 /2) 
h^+V? 12 = h 2 +Vi 12 
Solving for the exit velocity, 



+ 2 (h x —h 2 



(0ft/s) 2 +2(60.30 Btu/lbm 


A 25,037 f 2 /s 2 ^ 

1 Btu/lbm 


1 0.5 


= 1738ft/s 


The enthalpy departures of oxygen at the specified states are determined from the generalized charts to be (Fig. A-29 or 
from EES) * 


Tm 

Pr\ 


Tcr 

A 

^cr 


1060 
278.6 
200 _ 
736 ~ 


= 3.805 
0.272 


Z hl = 0.000759 


T R2 ~ 


77 


T, 


cr 


Tr2 ~ 


P, 


P 


cr 


802 
278.6 
70 _ 
736 ” 


= 2.879 
0.0951 


Z h 2 = 0.00894 


The enthalpy change is 

^2 “ \ - (^2 ~~ \ ) ideal ~ ^cr (%h2 ~ ^ hi ) 

= -60.30 Btu/lbm- (0.06206 Btu/lbm- R)( 278.6 R)(0.00894 - 0.000759) 
= -60.44 Btu/lbm 


The exit velocity is 



+ 2 (h x —h 2 



(0ft/s) 2 +2(60.44 Btu/lbm 


^25,037 ft 2 /s 2 ^ 

1 Btu/lbm 


1 0.5 


= 1740 ft/s 
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12-76 Propane is compressed isothermally by a piston-cylinder device. The work done and the heat transfer are to be 
determined using the generalized charts. 

Assumptions 1 The compression process is quasi-equilibrium. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) The enthalpy departure and the compressibility factors of propane at the initial and the final states are 
determined from the generalized charts to be (Figs. A-29, A- 15) 


and 


T r 1 = 


Pr\ ~ 


Tr2 ~ 


Pr2 ~ 


T\ 

_ 373 _ 

T C r 

370 

Pi 

1 

Per 

4.26 

t 2 

_ 373 _ 

Ter 

370 

Pi 

4 


= 0.235 


P„ 4.26 


= 1.008 
= 0.939 


cr 


> Z hx = 0.28 and Z, -0.92 


■» Z h2 =1.8 and Z 2 -0.50 



Q 


Treating propane as a real gas with Z av „ = (Zi+Z 2 )/ 2 = (0.92 + 0.50)/2 = 0.71, 


P v = ZRT = Z. vo RT = C = constant 

avg 


Then the boundary work becomes 


w bM =-\Pdv = -\ - 

Jl J 1 c/ 


2 C 

= — I — dv = -Cln 


v 


C/i 


= Z RTlrv 


Z 2 RT/P 2 
Z X RT / 


~ Z me RT\n 


Z 2 Pi 

z t P 2 


= -(0.7 1)(0. 1 885 kJ/kg • KX373 K>n 

= 99.6kJ/kg 


(0-50X1) 

(0-92X4) 


Also, 

h 2 ~h\= RT cr (Z hl -Z h2 ) + (h 2 -V ldeal =(0.1885X370X0.28-1.8)+0 = -106 kJ/kg 
u 2 -w, =(h 2 —h l )—R(Z 2 T 2 - 2^!) = -106 -(0.1885)[(0.5)(373)- (0.92X373)] = -76.5 kJ/kg 


Then the heat transfer for this process is determined from the closed system energy balance to be 

^in — ^out = '^'system 
<7in + W b, in =A U=U 2 ~U l 

g in = (w 2 in = -76.5-99.6 = -176.1 kJ/kg — > <7 out = 176. 1 kJ/kg 
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12-77 ■ Bi ™ Problem 12-76 is reconsidered. This problem is to be extended to compare the solutions based on the ideal gas 
assumption, generalized chart data and real fluid (EES) data. Also, the solution is to be extended to carbon dioxide, nitrogen 
and methane. 


Analysis The problem is solved using EES, and the solution is given below. 


Procedure INFO(Name$, T[1] : Fluid$, T_critical, p_critical) 

If Name$- Propane' then 

T_critical=370 ; p_critical=4620 ; Fluid$- C3H8'; goto 10 

endif 

If Name$- Methane' then 

T_critical=1 91 . 1 ; p_critical=4640 ; Fluid$='CH4'; goto 10 

endif 

If Name$- Nitrogen' then 

T_critical=1 26.2 ; p_critical=3390 ; Fluid$='N2'; goto 10 

endif 

If Name$- Oxygen' then 

T_critical=154.8 ; p_critical=5080 ; Fluid$- 02'; goto 10 

endif 

If Name$='CarbonDioxide' then 

T_critical=304.2 ; p_critical=7390 ; Fluid$='C02' ; goto 10 

endif 

If Name$- n-Butane' then 

T_critical=425.2 ; p_critical=3800 ; Fluid$='C4H10' ; goto 10 

endif 

10 : 

If T[1 ]<=T_critical then 

CALL ERROR('The supplied temperature must be greater than the critical temperature for the fluid. A value of 

XXXF1 Kwas supplied', T[1]) 

endif 

end 

{"Data from the Diagram Window" 

T[1]=100+273.15 

p[1]=1000 

p[2]=4000 

Name$='Propane' 

Fluid$- C3H8' } 

Call INFO(Name$, T[1] : Fluid$, T_critical, p_critical) 

R_u=8.314 

M=molarmass(Fluid$) 

R=R_u/M 

"****** IDEAL GAS SOLUTION ******" 

"State 1" 

h_ideal[1]=enthalpy(Fluid$, T=T[1]) "Enthalpy of ideal gas" 
s_ideal[1]=entropy(Fluid$, T=T[1], p=p[1]) "Entropy of ideal gas" 
u_ideal[1]=h_ideal[1]-R*T[1] "Internal energy of ideal gas" 

"State 2" 

h_ideal[2]=enthalpy(Fluid$, T=T[2]) "Enthalpy of ideal gas" 
s_ideal[2]=entropy(Fluid$, T=T[2], p=p[2]) "Entropy of ideal gas" 
u_ideal[2]=h_ideal[2]-R*T[2] "Internal energy of ideal gas" 

"Work is the integral of p dv, which can be done analytically." 
w_ideal=R*T[1 ]*Ln(p[1 ]/p[2]) 
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"First Law - note that u_ideal[2] is equal to u_ideal[1 ]" 
qjdeal-w_ideal=ujdeal[2]-ujdeal[1] 

"Entropy change" 

DELTAs_ideal=s_ideal[2]-s_ideal[1] 

"***** COMPRESSABILITY CHART SOLUTION ******" 

"State 1" 

T r[1 ]=T[1 ]/T_critical 
pr[1]=p[1]/p_critical 
Z[1]=COMPRESS(Tr[1], Pr[1]) 

DELTAh[1]=ENTHDEP(Tr[1], Pr[1])*R*T_critical "Enthalpy departure" 
h[1]=h_ideal[1]-DELTAh[1] "Enthalpy of real gas using charts" 

u[1]=h[1]-Z[1]*R*T[1] 

"Internal energy of gas using charts" 

DELTAs[1]=ENTRDEP(Tr[1], Pr[1])*R "Entropy departure" 
s[1]=s_ideal[1]-DELTAs[1] "Entropy of real gas using charts" 

"State 2" 

T[2]=T[1] 

T r[2]=T r[1] 
pr[2]=p[2]/p_critical 
Z[2]=COMPRESS(Tr[2], Pr[2]) 

DELTAh[2]=ENTHDEP(Tr[2], Pr[2])*R*T_critical "Enthalpy departure" 

DELTAs[2]=ENTRDEP(Tr[2], Pr[2])*R "Entropy departure" 
h[2]=h_ideal[2]-DELTAh[2] "Enthalpy of real gas using charts" 

s[2]=s_ideal[2]-DELTAs[2] "Entropy of real gas using charts" 

u[2]=h[2]-Z[2]*R*T[2] "Internal energy of gas using charts" 

"Work using charts - note use of EES integral function to evaluate the integral of p dv." 
w_chart=lntegral(p,v,v[1],v[2]) 

"We need an equation to relate p and v in the above INTEGRAL function. " 
p*v=COMPRESS(Tr[2],p/p_critical)*R*T[1] "To specify relationship between p and v" 

"Find the limits of integration" 

P[1]*v[1]=Z[1]*R*T[1] "to get v[1], the lower bound" 

p[2]*v[2]=Z[2]*R*T[2] "to get v[2], the upper bound" 

"First Law - note that u[2] is not equal to u[1]" 
q_chart-w_chart=u[2]-u[1 ] 

"Entropy Change" 

DELTAs_chart=s[2]-s[1 ] 

"***** SOLUTION USING EES BUILT-IN PROPERTY DATA *****" 

"At state 1 " 

u_ees[1 ]=intEnergy(Name$,T =T[1 ],p=p[1 ]) 
s_ees[1]=entropy(Name$,T=T[1],p=p[1]) 

"At state 2" 

u_ees[2]=lntEnergy(Name$,T=T[2],p=p[2]) 

s_ees[2]=entropy(Name$,T=T[2],p=p[2]) 

"Work using EES built-in properties- note use of EES Integral funcion to evaluate the integral of pdv." 
w ees=integral(p ees, v_ees, v_ees[1],v_ees[2]) 

"The following equation relates p and v in the above INTEGRAL" 
p_ees=pressure(Name$,T=T[1], v=v_ees) "To specify relationship between p and v" 

"Find the limits of integration" 

v_ees[1]=volume(Name$, T=T[1],p=p[1]) "to get lower bound" 
v_ees[2]=volume(Name$, T=T[2],p=p[2]) "to get upper bound" 

"First law - note that u_ees[2] is not equal to u_ees[1]" 
q_ees-w_ees=u_ees[2]-u_ees[1 ] 
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"Entropy change" 

DELTAs_ees=s_ees[2]-s_ees[1 ] 

"Note: In all three solutions to this problem we could have calculated the heat transfer by 
q/T=DELTA_s since T is constant. Then the first law could have been used to find the work. 
The use of integral of p dv to find the work is a more fundamental approach and can be 
used if T is not constant." 


SOLUTION 

DELTAh[1]=16.48 [kJ/kg] 
DELTAh[2]=91 .96 [kJ/kg] 
DELTAs[1 ]=0.03029 [kJ/kg-K] 
DELTAs[2]=0.1851 [kJ/kg-K] 
DELTAs_chart=-0.4162 [kJ/kg-K] 
DELTAs_ees=-0.471 1 [kJ/kg-K] 
DELTAs_ideal=-0.2614 [kJ/kg-K] 
Fluid$='C3H8' 
h[1]=-2232 [kJ/kg] 
h[2]=-2308 [kJ/kg] 
hjdeal[1]=-2216 [kJ/kg] 
h_ideal[2]=-2216 [kJ/kg] 

M=44.1 

Name$='Propane' 

p=4000 

p[1]=1000 [kPa] 
p[2]=4000 [kPa] 
pr[1 ]=0.21 65 
pr[2]=0.8658 
p_critical=4620 [kPa] 
p_ees=4000 
q_chart=-155.3 [kJ/kg] 
q_ees=-175.8 [kJ/kg] 
q_ideal=-97.54 [kJ/kg] 

R=0.1885 [kJ/kg-K] 

R_u=8.314 [kJ/mole-K] 
s[1 ]=6.073 [kJ/kg-K] 


s[2]=5.657 [kJ/kg-K] 
s_ees[1 ]=2.797 [kJ/kg-K] 
s_ees[2]=2.326 [kJ/kg-K] 
s_ideal[1 ]=6. 1 03 [kJ/kg-K] 
s_ideal[2]=5.842 [kJ/kg-K] 
T[1 ]=373.2 [K] 

T[2]=373.2 [K] 

T r[1 ]=1 .009 
Tr[2]=1 .009 
T_critical=370 [K] 
u[1]=-2298 [kJ/kg] 
u[2]=-2351 [kJ/kg] 
u_ees[1 ]=688.4 [kJ/kg] 
u_ees[2]=617.1 [kJ/kg] 
u_ideal[1]=-2286 [kJ/kg] 
u_ideal[2]=-2286 [kJ/kg] 
v=0. 01074 

v[1 ]=0.06506 [m A 3/kg] 
v[2]=0.01074 [m A 3/kg] 
v_ees=0. 009426 
v_ees[1 ]=0.0646 [m A 3/kg] 
v_ees[2]=0. 009426 [m A 3/kg] 
w_chart=-101.9 [kJ/kg] 
w_ees=- 104.5 [kJ/kg] 
w_ideal=-97.54 [kJ/kg] 

Z[1 ]=0.9246 
Z[21=0.6104 
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12-78 Propane is compressed isothermally by a piston-cylinder device. The exergy destruction associated with this process 
is to be determined. 

Assumptions IThe compression process is quasi-equilibrium. 2 Kinetic and potential energy changes are negligible. 
Properties The gas constant of propane is R = 0.1885 kJ/kg.K (Table A-l). 

Analysis The exergy destruction is determined from its definition -^destroyed = ^o^gen where the entropy generation is 
determined from an entropy balance on the contents of the cylinder. It gives 
c _ e + c = a S 1 

‘-'in ‘-'out 1 ‘-'gen '^‘-'system 


^° Ut +S sen =m(s 2 -S l ) ->S„ en =0 2 “Si) ' q ° Ut 


T 

b , suit 


T 


suit 


where 


and 


Thus, 


and 


Ai sys = S 2 ~ S 1 = R ( Z sl - Z ,2) + (^2 - J l)ideal 
710 


To 


P, 


(s 2 - ) idea i =c p ln^ -R\n^- = 0- 0. 18851n — = -0.261 kJ/kg • K 


r, 


p, 


l 


t r l = 


Pr\ ~ 


Tr2 - 


Pr2 - 


T\ 

_ 373 _ 


~ 370 ~ 

Pi 

1 

p a 

~ 4.26 ~ 

T 2 

_ 373 _ 

T CI 

” 370 ” 

Pi 

4 


= 1.008 
= 0.235 


■>Z 5l = 0.21 


Per 4.26 


= 1.008 
= 0.939 


>Z, 2 =L5 


As sys = s 2 -S\ = P(Z S \ -Z v2 ) + (*s'2 — ) ideal = (o. 1885Xo.21 - 1.5)— 0.261 = -0.504 kJ/kg • K 


•^destroyed ^O^gen ^0 


0 2 ~S { ) + 


Q out 


T 


surr J 


= (298 K (- 0.504 + 176JkJ/kg 
v \ 298 K 

= 25.9 kJ/kg 


kJ/kg • K 
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12-79 A paddle-wheel placed in a well-insulated rigid tank containing oxygen is turned on. The final pressure in the tank and 
the paddle-wheel work done during this process are to be determined. 

Assumptions IThe tank is well-insulated and thus heat transfer is negligible. 2 Kinetic and potential energy changes are 
negligible. 


Properties The gas constant of 0 2 is R = 0.2598 kJ/kg.K (Table A-l). 

Analysis (a) For this problem, we use critical properties, compressibility 
factor, and enthalpy departure factors in EES. The compressibility factor of 
oxygen at the initial state is determined from EES to be 


Trx 

Tr\ 


II 

Ter 

A 

P cr 


175 

154.6 

6 

5.043 


= 1.13 
= 1.19 


>Zj =0.682 and Z hl =1.33 



Then, 


Pv = ZRT 

V 

m = — = 


“X'i = 
0.05 m 


(0.682X0.2598 kPa • nrVkg • K)(175 K) 


6000 kPa 


<6 0.00516 m /kg 


= 9.68 kg 


= 0.005 16 m 3 /kg 


The specific volume of oxygen remains constant during this process, i/ 2 = V\. Thus, 


Tr2 ~ 

U R2 - 


-^ = = 1.46 

r cr 154.8 

i/ 2 _ 0.00516 m 3 /kg 

RT ct / P a (0.2598 kPa • m 3 /kg • K)(154.6 K) /(5043 kPa) 



0.649 


h2 


P 


R 2 


= 0.853 
= 1.09 
= 1.91 


p 2 = P R 2 P cr =(l.9lX5043) = 965 2k Pa 


(. b ) The energy balance relation for this closed system can be expressed as 
F - F = A F 

^in ^ out system 

W [n = A U = mill 2 -U\) 

Win = m[ h 2 ~ h \ ~( p 2 v 2 -P\V\ )\=m[h 2 - h x -R(Z 2 T 2 -Z^)] 


where 


h 2 h { - RT cr (Z hl Z h 2 ) + ih 2 /h ) ideal 

= (0.2598X154.6X1.33 - 1.09) + 52.96 
= 62.51 kJ/kg 

Substituting, 

W m = (9.68 kg)[62. 5 1 - (0. 2598 kJ/kg • K){(0. 853X225) - (0.682Xl 75 )}k] = 423 kj 


Discussion The following routine in EES is used to get the solution above. Reading values from Fig. A- 15 and A-29 
together with properties in the book could yield different results. 


"Given" 

V=0.05 [m A 3] 

T1=175 [K] 

PI =6000 [kPa] 

T2=225 [K] 

"Properties" 

Fluid$='02’ 
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R_u=8.314 [kJ/kmol-K] 

T_cr=T_CRIT(Fluid$) 

P_cr=P_CRIT(Fluid$) 

MM=molarmass(Fluid$) 

R=R_u/MM 

"Analysis" 

"(a)" 

T_R1=T1/T_cr 

P_R1=P1/P_cr 

Z_h1 =ENTHDEP(T_R1 , P_R1 ) "the function that returns enthalpy departure factor at T_R1 and P_R1 " 

Z_1 =COMPRESS(T_R1 , P_R1 ) "the function that returns compressibility factor at T_R1 and P_R1 " 

T_R2=T2/T_cr 

v_R2=(v2*P_cr)/(R*T_cr) 

v1=Z_1*R*T1/P1 

m=V/v1 

v2=v1 

Z_h2=ENTHDEP(T_R2, P_R2) "the function that returns enthalpy departure factor at T_R2 and P_R2" 

Z_2=COMPRESS(T_R2, P_R2) "the function that returns compressibility factor at T_R2 and P_R2" 

P2=Z_2*R*T2/v2 

P2=P_R2*P_cr 

"(b)" 

h1_ideal=enthalpy(Fluid$, T=T1) 
h2_ideal=enthalpy(Fluid$, T=T2) 

DELTAh_ideal=(h2_ideal-h1_ideal) 

DELTAh=R*T_cr*(Z_h1 -Z_h2)+DELTAh_ideal 
DELTAu=DELTAh-R*(Z_2*T2-Z_1 *T1 ) 

W_in=m*DELTAu 

Solution 


DELTAh=62.51 [kJ/kg] 
DELTAh_ideal=52.96 [kJ/kg] 
DELTAu=43.65 [kJ/kg] 
Fluid$='02' 

hl_ideal=-12E8 [kJ/kg] 
h2_ideal=-68.8 [kJ/kg] 
m=9.682 [kg] 

MM=32 [kg/kmol] 

PI =6000 [kPa] 

P2=9652 [kPa] 

P_cr=5043 [kPa] 

P_R1=L19 
P_R2=1.914 
R=0.2598 [kJ/kg-K] 
R_u=8.314 [kJ/kmol-K] 


Tl=175 [K] 

T2=225 [K] 

T_cr= 154.6 [K] 
T_R1=1.132 
T_R2= 1.456 
V=0.05 [m A 3] 
v 1=0.005 164 [m A 3/kg] 
v2=0.005164 [m A 3/kg] 
v_R2=0.6485 
W_in=422.6 [kj] 
Z_l=0.6815 
Z_2=0.8527 
Z_hl=l .33 1 
Z_h2= 1.094 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


12-59 


Review Problems 


12-80 The relations for Aw, Ah, and As of a gas that obeys the equation of state (P+a/ c/)c/ 
to be derived. 

Analysis ( a ) For an isothermal process dT = 0 and the general relation for A u reduces to 


Aw = W 2 — w | = 


.r, ^ 2 ( ( q P \ 


= f 2 c v dT+\ 1 
Jr, Jc/, 


A 


r 




-p 


For this gas the equation of state can be expressed as 


-r 


Jc/ = T 


r dP \ 


K dTj 


-P 


dv 


v J 


P = 


RT a 


c/ (/ 




C/ 


Thus, 


T 


r dP^ 

J y 


_ pp pp w w 

-P = 4 


V C/ t / 2 (/ 2 


Substituting, 


A«=f4 

J ^l C/ 


Jc/ = w 


'l 1 ' 


V (/l c/ 2 y 


( b ) The enthalpy change A/z is related to Aw through the relation 
A/z = Aw + P 2 c/ 2 “ u \ 

where 


a 

Pc/ = RT 

i/ 


Thus, 


P 2 i/ 2 -PiC/j = 


pp 




1/ 


2 J 


RT- 


a 


v 


= a 




1 1 


V^i 


1/ 


2 J 


Substituting, 


Ah = 2w 


'l 1 X 


V C/, t/ 2 y 


(c) For an isothermal process dT = 0 and the general relation for As reduces to 
As = s 2 -s l = F— dT+ [ Vl {— 1 clv=r(— ) dv 


c T i c„ ri i 

dT +\ I 

r dP 

dv = 

fl/ 2 1 

( dP^ 

Jr, T Ji/, 1 

ydT) 

V 

.L, 1 

ydT) 


Substituting ( dP/dT) {/ = R / (/, 


r 2 P 
Ji/, c/ 


As = I — Jc/ = Pin 


ca 


c/, 


= RT for an isothermal process are 
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12-60 


12-81 It is to be shown that the slope of a constant-pressure line on an h-s diagram is constant in the saturation region and 
increases with temperature in the superheated region. 

Analysis For P = constant, dP = 0 and the given relation reduces to dh = Tds, which can also be expressed as 




K ds J P 


= T 


Thus the slope of the P = constant lines on an h-s diagram is equal to the 
temperature. 

(a) In the saturation region, T = constant for P = constant lines, and the 
slope remains constant. 

(b) In the superheat region, the slope increases with increasing 
temperature since the slope is equal temperature. 



12-82 It is to be shown that 


=~T 

(d iV 


f dp) 

and c=T 

( dP) 




[dTj 

s 

U T) 

p 

V 

IdT) 

s 



Analysis Using the definition of c V9 


c u =T 


r ds ^ 


K dTj 


= T 


r ds ^ 


\dPj 


f d p^ 




Substituting the first Maxwell relation 


r ds' 


K dPj 




vary 


c = -T 


fdv} 


f DP ) 

U T) 

S 

UrJ 


Using the definition of c p . 


c p= t 




= T 




i.dT) 

P 


Ut/J 

p 

UrJ 


Substituting the second Maxwell relation 


r ds ' 


ydVjp 


r dP^ 


yDTj 


c p= t 


f dP) 


( 

IdT) 

S 
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12-61 


12-83 It is to be proven that for a simple compressible substance 


r ds ^ 




P 

T 


Analysis The proof is simply obtained as 

du^ 

r ds '\ {dvj. -P P 




'du' 

yds , 


T T 


12-84 It is to be proven by using the definitions of pressure and temperature, T = 


f du' 

yds , 


J 


and P - - 


du 
ydv) 


gases, the development of the constant-pressure specific heat yields 

Analysis The definition for enthalpy is 
h = u + Pv 

Then, 


r dh_^ 

\dP jt 


= 0 


f dh) 



r du ^ 

+ P 

(d^ 

+ </ 


UU 

T 

l dPj 

T 

l dPj 

T 

UU 


Assume u = u(s , v) 
Then, 


du = 


du 
yds 


ds + 


r du) 
ydv j 


dv 


r du 1 



du \ 


^ ds N 

+ 

' du ^ 


( 01/ 'j 

UU 

T 

yds) 

v 

l dPj 

T 

[dvj 

S 

UU 


^ du'] 

= T 


(dv^ 


( 

-p 


— 



l dPj 

T 


{dTj 

p _ 

V 


dv_ 

dP 


= -(T + P ) 


r dv' 


Jt 


dP 


\ ur J T 


' dh^ 
v dP J T 

For ideal gases 


= ~(T + P) 


f 0(/^| 


+ F 

fd u) 

+ t/ = 

-T 



T 


l dPj 

T 


UpJ 


+ v 


RT 

i/ = and 

P 




dP 


J T 


R 

P 


Then, 


' d£ 
k dP J T 


TR 

P 


v = — c/ + 1/ = 0 


that for ideal 

s 
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which is the desired relation. 
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12-63 


dv 

12-86 It is to be shown that — = fidT - adP . Also, a relation is to be obtained for the ratio of specific volumes i / 2 / 1 / 1 as a 

(/ 

homogeneous system undergoes a process from state 1 to state 2. 

Analysis We take (/= (/(P, T). Its total differential is 


d v = 
Dividing by i/, 




dT 


dT + 






ap 


dp 


\ ur J T 


dv 1 




1 / 1 / 


dT + - 

V 


'dv' 


\dT Jp 

Using the definitions of a and /?, 

d v 


dP 


dP 


j T 


V 


= (3dT -adP 


Taking a and p to be constants, integration from 1 to 2 yields 
In — = - T 7 ! )- a(P 2 - P x ) 


which is the desired relation. 
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dv 

12-87 It is to be shown that — = (3dT - adP . Also, a relation is to be obtained for the ratio of specific volumes i / 2 / 1 / 1 as a 

1 / 

homogeneous system undergoes an isobaric process from state 1 to state 2. 

Analysis We take (/= (/(P, 7). Its total differential is 


dv = 




dT 


dT + 






ap 


dP 


\ ur J T 


which, for a constant pressure process, reduces to 

r di 


c/c/ = 
Dividing by t/, 


v ap yp 


dT 


d v 1 




(/ 1/ yap yp 

Using the definition of /?, 

dv 


dT 


v 


= pdT 


Taking /? to be a constant, integration from 1 to 2 yields 

In — = /?(7Wi) 


or 


— = ex P |)?(r 2 -rj] 


which is the desired relation. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 
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12-88 It is to be shown that for an isentropic expansion or compression process Pv k - constant. It is also to be shown that 
the isentropic expansion exponent k reduces to the specific heat ratio c,Jc v for an ideal gas. 

Analysis We note that ds = 0 for an isentropic process. Taking s = s(P , t/), the total differential ds can be expressed as 


ds = 


r aO 

K dPj 


dP + 


r ds^ 
\dvj P 


di/ = 0 


We now substitute the Maxwell relations below into (a) 


( 




and 

{ 



' dP' 


V 

K dr j 

s 


p 

\dP , 


(a) 


to get 


K dr j 


dP + 


f cP_" 
K dr j 


d v = 0 


Rearranging, 

dP- 

Dividing by P, 


f dr) 

( 

U«/; 

s V 




dP 

1 

P 

P 


di/ = 0 

.S' 

dP 


-> dP- 


r dP^ 

\di/j 


d 1/ = 0 


\8v j 


d v = 0 


(b) 


We now define isentropic expansion exponent k as 

k __v_( dP'' 

P 


Substituting in (, b ), 

dP dv 

— + k — = 0 

P </ 

Taking k to be a constant and integrating, 


InP + kin i/ = constant 


-» In Pi/ = constant 


Thus, 

Pi/ 1 = constant 

To show that k = cjc^ for an ideal gas, we write the cyclic relations for the following two groups of variables: 


U T, v) 
(s, T, P) 


' ds' ' dv'' 
r ds} ( dP ' 


ydT , 

where we used the relations 

e ds ' 


p\ds j 


r dT ^ 
T\ d VJs 
r dT ' 

T V 8P J J 


= -l 


= -l 


c, 


T 




\ ds j T 


r dT ^ 


c P (dP ' 


T 


yds 


ydv j 
/ 5r \ 


ydPj 


= -l (c) 

= -l (d) 


c.. = T 


ydTj 


and c p = T 


V 


r ds^ 
\dT J p 


Setting Eqs. (c) and ( d) equal to each other, 


c p 

( dP) 


( dT 'l 

_ c„ 

(d^ 


( 

T 

[ds J 

T 

[dPj 

s T 

1/ 

T 

UtJ 


or, 


c 


p 


c. 


r ds ^ 

\dP j T 


r dp\ 

V dTj 


r di^ 
yds j T 


but 




f s{rt / p)"| 

l dPj 

T 

l dP J 


r dT^ 

ydi/j 


u 

P 


ds di/ 

^ dP ds ) T 


dP dT 

dT di/ 


d c/ 

ydPj 




dP_ 

T\di/J 


Substituting, 

c 


p 


c , 


i/ 

P 


r dP^ 

ydv j 


= k 


which is the desired relation. 
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12-89 The c p of nitrogen at 300 kPa and 400 K is to be estimated using the relation given and its definition, and the results 
are to be compared to the value listed in Table A-2 b. 

Analysis (a) We treat nitrogen as an ideal gas with R = 0.297 kJ/kg-K and k = 1.397. Note that px kl(kA) = C = constant for 
the isentropic processes of ideal gases. The c p relation is given as 



f dP 1 



c = T 




p 

[dT j 

S 

UrJ 


i/ = 


RT 

P 




\dT j P 


R 

P 


P = CT 


k/(k- 1) 


' dP '' 
K dT y 


k cjkijk- i)-i 

k - 1 


k lp T ~k /(k- 1) W& /(k- 1)-1 
k~ 1 V ' 


kP 

T(k- 1) 


Substituting, 


c 


p 


" kP 


kR _ 1.397(0.297 kJ/kg-K) 

U(*-dJ 

UJ 

~ k-l~ 1.397-1 


= 1.045 kJ/kg-K 


( b ) The c p is defined as c p = 


dh 

dT 


y p 


Replacing the differentials by differences, 


' Ah 

J p=3 0CkPa 


/7(410^)-/7(390 K) 
(410- 390 )K 


(11,932- 11, 347)/28.0kJ/kg 
(410 -390 )K 


= 1.045 kj/kg K 


(Compare: Table A-2b at 400 K ^ c p = 1.044 kJ/kg-K) 


12-90 The temperature change of steam and the average Joule-Thompson coefficient during a throttling process are to be 
estimated. 


Analysis The enthalpy of steam at 2.5 MPa and T = 400°C is h- 3240.1 kJ/kg. Now consider a throttling process from this 
state to 1 .2 MPa. The temperature of the steam at the end of this throttling process will be 


P = 1.2 MPa 
h = 3240.1 kJ/kg 


\T 2 =390.10°C 


Thus the temperature drop during this throttling process is 
AT =T 2 -T x = 390. 10 - 400 = 

The average Joule-Thomson coefficient for this process is determined from 

_ (390. 10- 400)°C 
2401 kJ/k 2 (l-2 - 2.5)MPa 


M = 




' AT ' 


h 

vA Pj 


= 7.6TC/MPa 
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12-91 The volume expansivity of copper is given at two temperatures. The percent change in the volume of copper when it 
is heated at atmospheric pressure is to be determined. 

Properties The volume expansivity of copper is given to be 49.2xl0~ 6 K" 1 at 300 K, and be 54.2xl0~ 6 K 1 at 500 K 
Analysis We take (/= c/(P, 7). Its total differential is 


dv = 




\dT j p 


dT + 


\dP Jt 


dP 


which, for a constant pressure process, reduces to 


dv = 


ydT J p 


dT 


Dividing by i/ and using the definition of /?, 
dv if 


v v 


\dT Jp 


dT = fidT 


Taking /? to be a constant, integration from 1 to 2 yields 
\" — = P(t 2 -T\) 


or 


— = ex P [y?(r 2 -rj] 

The average value of fd is 

/? ave = (A +j3 2 )/2 = (49.2 x lO^ 6 + 54.2 x 10 _6 )/2 = 51.7 xlO^KT 1 
Substituting the given values, 

— = exp [fi(T 2 - r, )] = exp [(5 1 .7 X 1 0 K )(500 - 300 )k] = 1 .0 1 04 


Therefore, the volume of copper block will increase by 1.04 percent. 
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12-68 


12-92 An adiabatic storage tank that is initially evacuated is connected to a supply line that carries nitrogen. A valve is 
opened, and nitrogen flows into the tank. The final temperature in the tank is to be determined by treating nitrogen as an 
ideal gas and using the generalized charts, and the results are to be compared to the given actual value. 

Assumptions 1 Uniform flow conditions exist. 2 Kinetic and potential energies are negligible. 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, the 
mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : m in - m out = A m system -> m ; = m 2 (since m out = m inim = 0) 

Energy balance : E m - E out = A £ system 0 + m i h i = m 2 u 2 


Combining the two balances'. u 2 = h x 

(a) From the ideal gas property table of nitrogen, at 225 K we read 

u 2 = h t = h @ 225 k - 6,537 kJ/kmol 
The temperature that corresponds to this u 2 value is 
T 2 = 314.8 K (7.4% error) 

( b ) Using the generalized enthalpy departure chart, h x is determined to be 


T r ,i 


P R,i 


T; 


T, 


cr 


P 


P 


cr 


225 

126.2 

10 

3.39 


= 1.78 


= 2.95 


t^h,i ~ 


hi, ideal 
R u T cr 


= 0.9 (Fig. A-29) 



Thus, 

hi =h iM ea\-°- 9R u T cT = 6,537 -(0.9)(8.3 14X126.2) = 5,593 kJ/kmol 
and 

u 2 - h { - 5,593 kJ/kmol 


Try P 2 = 280 K. Then at P R2 = 2.95 and T R2 = 2.22 we read Z 2 = 0.98 and ( h 2ideal -h 2 )/ R u T cr = 0.55 
Thus, 

h 2 =h 2iAe . dl -0-55R u T a =8, 141-(0.55)(8.314)(l26.2) = 7,564 kJ/kmol 
u 2 =h 2 -ZR u T 2 =7,564 -(0.98)(8.3 14^280) = 5,283 kJ/kmol 

Try T 2 = 300 K. Then at P R2 = 2.95 and T R2 = 2.38 we read Z 2 = 1.0 and (h 2ideal -h 2 )/ R l( T cr = 0.50 

Thus, 

h 2 =/i 2 4 deai- 0 - 50/? » 7 ’cr = 8,723 - (0.50)(8.3 14X126.2) = 8,198 kJ/kmol 
u 2 =h 2 -ZRJ 2 =8,198 -(1.0X8.314X300) = 5,704 kJ/kmol 

By linear interpolation, 

T 2 = 294.7 K (0.6% error) 
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12-93E Argon gas enters a turbine at a specified state and leaves at another specified state. The power output of the turbine 
and the exergy destruction associated with the process are to be determined using the generalized charts. 

Properties The gas constant and critical properties of argon are R = 0.04971 Btu/lbm.R, T cr = 272 R, and P cr = 705 psia 
(Table A-1E). 

Analysis ( a ) The enthalpy and entropy departures of argon at the specified states are determined from the generalized charts 
to be 


t r =2L = !M = 3 . 68 

1 T cr 272 

A = iooo = 1418 

1 P cr 705 


Z*. = 0 and Z St -0 


Thus argon behaves as an ideal gas at turbine inlet. Also, 


Tr =2l = 500 =1 . 838 

2 T 272 

cr ' 

R, =A = 1^ = o.213 
2 P cr 705 


Z h = 0.04 and Z s =0.02 


Thus 


P i = 1000 psia 
T\ = 1000 R 
V! = 300 ft/s 


80 Btu/s 


h 2 ~ h \ = RT cMh t ~ Z h 2 )+( h 2 ~h) ideal 

= (0.0497 1X272X0 -0.04)+ 0.1253(500 -1000) = -63.2 Btu/lbm 
The power output of the turbine is to be determined from the energy balance equation, 


^in 4ut ^system = 0 (steady) -> E in = £, 


m{h i + V{ / 2) = m(h 2 + V 2 2 / 2) + Q out + W out 


Ar 

m = 12 lbm/s 


P 2 = 150 psia 
r 2 = 500 R 
V 2 = 450 ft/s 


v, 2 -v , 2 

■ W out =-m (h 2 + Q out 


W out = -(12 lbm/s) -63.2 + 


(450 ft/s) 2 - (300 ft/s) 2 f 1 Btu/lbm 
2 25,037 ft 2 /s 2 


-80 Btu/s 


= 651.4 Btu/s = 922 hp 


( b ) Under steady conditions, the rate form of the entropy balance for the turbine simplifies to 


C _ C 4- <v = a S’ = 0 

° in ° out ' ° gen system KJ 


ms x - ms 2 - + 5 gen = 0 -» S gen = m(j 2 - s 2 ) + 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 


definition X. 




destroyed J 0 ° gen 


^destroyed “^O^gen “ ^0 ™(. s 2 s l) + 


where s 2 - = r(Z S[ -Z s J+(s 2 - 


T P 500 1 50 

and b 2 - s, ). . , = c n In — -R In — = 0.12531n 0.04971 In = 0.00745 Btu/lbm- R 

\ ^ i / Ideal // r-ri n i r\r\r\ i r\r\r\ 


1000 


1000 


Thus s 2 = tf(z S| -Z Jo )+(s 2 - Ji) ideal = (0.0497 1)[0- (0.02)] +0.00745 = 0.00646 Btu/lbm- R 


Substituting, 


X destroyed = (535 r{ (l2 lbm/sXo.00646 Btu/lbm- R ) + 80 Btu/s = 121.5 Btu/s £ 122 Btu/s 

l 535 R 
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12-94E Methane is to be adiabatically and reversibly compressed in a steady-flow device. The specific work required for 
this compression is to be determined using the departure charts and treating the methane as an ideal gas with temperature 
variable specific heats. 

Properties The properties of methane are (Table A- IE) 

M = 16.043 lbm/lbmol, R = 0. 1238 Btu/lbm- R, T cr = 343.9 R, P cr = 673 psia 

Analysis The temperature at the exit state may be determined by the fact that the process is isentropic and the molar entropy 
change between the inlet and exit is zero. When the expression of Table A-2Ec is substituted for c p and the integration 
performed, we obtain 


(*2 — ‘^1 ) ideal = \ydT-R u ln y = l{f + b + cT + 
1 1 1 ^ 


dT 


dT - R u In 


Pn 


P 


77 


Pn 


= a \n-^ + b(T 2 -T x )+ C -(Tl -T x 2 ) + ^(Ti -T { 3 )-R u In 1 2 


T 


P 


Substituting, 


T 


0 = 4.75 In — — + 0.006666(r 2 -560) 


0.09352x10 


-5 


560 
0.4510x10 


-9 


(T 2 3 -560 3 )- (1.9858) In 


2 

500 


(T{ -560 2 ) 


3 50 

Solving this equation by EES or an iterative solution gives 
T 2 = 892 R 

When en energy balance is applied to the compressor, it becomes 

2 2 

w in = ( h 2 - h ihded= \ c P dT =\( a + bT + cT 2 + dT i )dT 


500 psia 


50 psia 
100°F 



= a(r 2 -r 1 )+|(r 2 2 -r 1 2 )+^(r 2 3 -7’ 1 3 )+|(r 2 4 -r 1 4 ) 


,-5 


= 4.75(892 - 560) + 0 006666 (892 2 - 560 2 ) + °- 09352xlQ (892 ’ -560") 


>-9 


04510X10 (892 4 -560 4 ) 


= 3290 Btu/lbmol 

The work input per unit mass basis is 


w 


w- = 

yy m 


in 


3290 Btu/lbmol 


= 205.1Btu/lbm 


M 16. 043 lbm/lbmol 

The enthalpy departures of propane at the specified states are determined from the generalized charts to be (Fig. A -29 or 
from EES) ’ 


Tr 1 = 


Pr\ ~ 


and 


Tr2 ~ 


Pr2 ~ 


T'l 

560 

T a 

” 343.9 

Pi 

_ 50 _ 

Per 

~ 673 ” 

Pi 

892 

Per 

~ 343.9 

Pi 

_ 500 _ 

Per 

~ 673 ~ 


= 1.628 


= 0.0743 


■» Z M = 0.0332 


= 2.594 


= 0.743 


■» Z h2 = 0.0990 


The work input is determined to be 

w in = ^2 ~ h\ = (h 2 - h\ ) ideal “ ^cr ^ h2 ~ Z h\ ) 

= 205.1 Btu/lbm- (0. 1238 Btu/lbm- R)(343.9 R)(0.0990 - 0.0332) 

= 202.3Btu/lbm 
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12-95 



The work done by the refrigerant 134a as it undergoes an isothermal process in a closed system is to be 


determined using the tabular (EES) data and the generalized charts. 
Analysis The solution using EES built-in property data is as follows: 


T x = 40°C 
P x = 2 MPa 

T 2 = 40°C 
P 2 =0.1 MPa 


u x = 106.39 kJ/kg 
s x = 0.3917 kJ/kg.K 

u 2 = 264.27 kJ/kg 
=1.1485 kJ/kg.K 


As EES = s 2 -s x =1.1485 -0.3917 = 0.7568 kJ/kg.K 
q EES = T x As EES = (40 + 273.15 KX0.7568 kJ/kg.K) = 237.00 kJ/kg 
w EES = <7 ees ~ 0 2 - u x ) = 237.00 - (264.27 - 106.39) = 79.1 kJ/kg 


For the generalized chart solution we first determine the following factors using EES as 


7*i = 
Pr\ - 

Tr2 = 
Pr2 = 


T x 313.2 


T cr 

~ 374.2 

Pi 

2 

P cr 

4.059 

Pi 

_ 313.2 

Per 

374.2 

Pi 

0.1 

P er 

4.059 


0.8369 

> 

0.4927 

0.8369 
: 0.02464 


Z> =0.08357, Z hl = 4.82 and Z sl =5.147 


» Z 2 = 0.9857, Z h2 = 0.03396 and Z s2 = 0.02635 


Then, 

A h x =Z hx RT cv = (4.82X0.08148 kJ/kg.K)(374.2K) = 146.97 kJ/kg 
As x = Z sX R = (5. 147)(0.08148 kJ/kg.K) = 0.4194 kJ/kg.K 


A h 2 = Z h2 RT cr = (0.03396)(0.08148 kJ/kg.K)(374.2 K) = 1.04 kJ/kg 
A^ 2 = Z s2 R = (0.02635)(0.08148 kJ/kg.K) = 0.002147 kJ/kg.K 


P 


(0.1\ 


A*^ ideal = R In — = (0.08 148 kJ/kg. K)ln — = 0.2441 kJ/kg • K 
^1 v 2 y 

ideal - (A^2 - Asj ) = 0.2441 - (0.002147 - 0.4194) = 0.6613 kJ/kg • K 
q chmx = T x As chmt = (40 + 273. 15 K)(0.6613 kJ/kg.K) = 207.09 kJ/kg 


chart _ ^ideal (^2 ^1 ) ( Z 2 RT 2 Z X RT X ) 

= 0 - (1.04 - 146.97) - [(0.9857)(0.08148)(313.2) - (0.08357)(0.08148)(313.2)] 
= 122.92 kJ/kg 

^chait = *7 chart “ Au chart = 207.09 - 122.92 = 84.2 kJ/kg 


The copy of the EES solution of this problem is given next. 


"Input data" 

T_critical=T_CRIT(R1 34a) "[K]" 
P_critical=P_CRIT (R1 34a) "[kpa]" 
T[1 ]=40+273. 15"[K]" 

T[2]=T[1]"[K]" 
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P[1]=2000"[kPa]" 

P[2]=100"[kPa]" 

R_u=8.31 4"[kJ/kmol-K]" 

M=molarmass(R1 34a) 

R=R_u/M"[kJ/kg-K]" 

"***** SOLUTION USING EES BUILT-IN PROPERTY DATA *****" 

"For the isothermal process, the heat transfer is T*(s[2] - s[1]):" 
DELTAs_EES=(entropy(R1 34a,T=T[2],P=P[2])-entropy(R1 34a,T=T[1 ],P=P[1 ])) 
q_EES=T[1 ]*DELTAs_EES 

s_2=entropy(R134a,T=T[2],P=P[2]) 
s_1 =entropy(R1 34a,T=T[1 ],P=P[1 ]) 

"Conservation of energy for the closed system:" 

DELTAu_EES=intEnergy(R1 34a,T=T[2],p=P[2])-intEnergy(R1 34a,T=T[1 ],P=P[1 ]) 

q_EES-w_EES=DELTAu_EES 

u_1 =intEnergy(R1 34a,T=T[1 ],P=P[1 ]) 

u_2=intEnergy(R134a,T=T[2],p=P[2]) 

"***** COMPRESSABILITY CHART SOLUTION 

"State 1 " 

Tr[1 ]=T[1 ]/T_critical 
pr[1]=p[1]/p_critical 
Z[1]=COMPRESS(Tr[1], Pr[1 ]) 

DELTAh[1]=ENTHDEP(Tr[1], Pr[1 ])*R*T_critical"Enthalpy departure" 
Z_h1=ENTHDEP(Tr[1], Pr[1]) 

DELTAs[1]=ENTRDEP(Tr[1], Pr[1])*R "Entropy departure" 

Z_s1=ENTRDEP(Tr[1], Pr[1]) 

"State 2" 

T r[2]=T[2]/T_critical 

Pr[2]=P[2]/P critical 

Z[2]=COMPRESS(Tr[2], Pr[2]) 

DELTAh[2]=ENTHDEP(Tr[2], Pr[2])*R*T_critical"Enthalpy departure" 
Z_h2=ENTHDEP(Tr[2], Pr[2]) 

DELTAs[2]=ENTRDEP(Tr[2], Pr[2])*R "Entropy departure" 

Z_s2=ENTRDEP(Tr[2], Pr[2]) 

"Entropy Change" 

DELTAs_ideal= -R*ln(P[2]/P[1 ]) 
DELTAs_chart=DELTAs_ideal-(DELTAs[2]-DELTAs[1]) 

"For the isothermal process, the heat transfer is T*(s[2] - s[1]):" 
q_chart=T[1]*DELTAs_chart 

"Conservation of energy for the closed system:" 

DELTAh_ideal=0 

DELTAu_chart=DELTAh_ideal-(DELTAh[2]-DELTAh[1 ])-(Z[2]*R*T[2]-Z[1 ]*R*T[1 ]) 
q_chart-w_chart=DELTAu_chart 
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SOLUTION 


DELTAh[1]=146.97 [kJ/kg] 

R=0. 08148 [kJ/kg-K] 

DELTAh[2]=1.04 [kJ/kg] 

R u=8.314 [kJ/kmol-K] 

DELTAh ideal=0 [kJ/kg] 

s 1=0.3917 

DELTAs[1]=0.4194 [kJ/kg-K] 

s 2=1.1485 [kJ/kg-K] 

DELTAs[2]=0.002147 [kJ/kg-K] 

T[1 ]=31 3.2 [K] 

DELTAS chart=0.6613 [kJ/kg-K] 

T[2]=313.2 [K] 

DELTAS EES=0.7568 [kJ/kg-K] 

Tr[1]=0.8369 

DELTAS ideal=0.2441 [kJ/kg-K] 

Tr[2]=0.8369 

DELTAu chart=122.92 [kJ/kg] 

T critical=374.2 [K] 

DELTAu EES=157.9 [kJ/kg] 

u 1=106.39 

M=102 

u 2=264.27 [kJ/kg] 

P[1]=2000 [kPa] 

w chart=84.18 [kJ/kg] 

P[2]= 1 00 [kPa] 

w EES=79. 12 [kJ/kg] 

pr[1]=0.4927 

Z[1]=0. 08357 

Pr[2]=0. 02464 

Z[2]=0.9857 

P critical=4059 [kpa] 

Z h1=4.82 

q chart=207.09 [kJ/kg] 

Z h2=0. 03396 

q_EES=237.00 [kJ/kg] 

Z s1=5.147 
Z s2=0. 02635 
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12-96 The initial state and the final temperature of argon contained in a rigid tank are given. The mass of the argon in the 
tank, the final pressure, and the heat transfer are to be determined using the generalized charts. 


Analysis {a) The compressibility factor of argon at the initial state is 
determined from the generalized chart to be 




A 

Ter 

A 

P cr 


173 

151.0 

1 

T86 


-1.1 46 
0.206 



= 0.95 and Z, h 


= 0.18 



Then, 


Pv = ZRT 


-» v = 


ZRT (0.95)(0.2081 kPa-m J /kg-K)(173 K) 


P 


1000 kPa 


= 0.0342 m 3 /kg 


V 

m = — = 


1.2 nr 


</ 0.0342 m /kg 


= 35.1 kg 


(b) The specific volume of argon remains constant during this process, i/ 2 = i/j. Thus, 




A 

T cr 


273 

151.0 


1.808 


t/ 2 0.0342 m 3 /kg 

RT cr /P cr (0.2081 kPa-m 3 /kg-K)(151 KX4860 kPa) 



5.29 


= 0.315 
= 0.99 
= 0 


p 2 = A p cr =(0.315X4860)= 1531 kPa 


(c) The energy balance relation for this closed system can be expressed as 
F - F = A F 

-^out ^-^system 

Q m = A U = m(u 2 - Wj) 

Gin = m i h 2 - h \ - ( P 2 V 2 - P \V\ )] = m i h 2 ~ h \ ~ P (^2 T 2 ~ Z \ T \ )] 

where 

h 2 h\ = RT cr (z lh —Z hi )+(h 2 -K ) ldcal = (0.208 1 )(l 5 1 )(0. 1 8 - 0) + 0.5203(0 - (- 100 )) = 57. 69 kJ/kg 

Thus, 

Q m = (35. 1 kg)[57. 69 - (0.208 1 kJ/kg- K)[(0.99)(273) -(0.95)(173 )]k] = 1251 kj 
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12-97 The heat transfer, work, and entropy changes of methane during a process in a piston-cylinder device are to be 
determined assuming ideal gas behavior, using generalized charts, and real fluid (EES) data. 

Analysis The ideal gas solution: (Properties are obtained from EES) 

State 1: 


T x = 100°C >h x = -4473.3 kJ/kg 


T x = 100°C, P x =5 MPa >s x =10.116kJ/kg.K 

u x =h x - RT X = (-4473.3) - (0.5182)(100 + 273.15) = -4666.7 kJ/kg 


r, 


i/ x = P — = (0.5 1 82 kJ/kg. K) 


P 


100 + 273.15 K 
5000 kPa 


= 0.03868 m 3 /kg 


State 2: 


T 2 = 250°C > h 2 = -4063.0 kJ/kg 


T 2 = 250°C, P 2 = 5 MPa >s 2 =11.035 kJ/kg.K 

u 2 =h 2 -RT 2 =(- 4063.0) -(0.5 182)(250 + 273. 15) = -4334.1 kJ/kg 


«, 2 =*^ 

p 2 


r 


(0.5 182 kJ/kg. K) 


v 


250 + 273.15 K^j 
5000 kPa , 


0.05422 m 3 /kg 


Wideai = P(y 2 -Vi) = (5000 kPa)(0.05422 - 0.03868)m 3 /kg = 77.73kJ/kg 
<7, deal = Wideai + («2 “ «! ) = 77.73 + [M334. 1) - (-4666.7)] = 410.3 kJ/kg 
Av ideal =s 2 -*?! = 1 1.035 - 10. 1 16 = 0.91 9kJ/kg 
For the generalized chart solution we first determine the following factors using EES as 


Tri = 

Pr\ = 


A 

Ter 

A 

^cr 


373.2 

304.2 
5 

7.39 ' 


= 1.227 
0.6766 


Z> =0.8773, Z M =0.5493 and Z sl =0.3269 


^/?2 _ 
^/?2 = 


A 

^cr 

A 

P cr 


523.2 

304.2 
5 

7.39 ' 


= 1.720 
0.6766 


>Z 2 =0.9739, Z /l2 =0.2676 and Z j2 =0.1281 


State 1: 

A/tj =Z hx RT cr = (0.5493)(0.5 1 82 kJ/kg.K)(304.2 K) = 86.60 kJ/kg 
h x = A Udeal - A/ij = (-4473.3) - 86.60 = -4559.9 kJ/kg 

=/ij ~Z X RT X = (-4559.9) - (0.8773)(0.5182)(373.15) = -4729.6 kJ/kg 

7 373 1 5 

i ,,=Z,R-P = (0.8773X0.5 182) = 0.03393 m 3 /kg 

1 1 P x 5000 


At, = Z sl /? = (0.3269)(0.5 1 82 kJ/kg. K) = 0. 1 694 kJ/kg. K 
s x = s Udeai -As l =10.116-0.1694 = 9.946 kJ/kg.K 

State 2: 


A h 2 = Z hl RT cr = (0.2676)(0.5182kJ/kg.K)(304.2K) = 42.19 kJ/kg 
h 2 = /r 2 ldeal - A h 2 = (-4063.0) - 42. 19 = -4105.2 kJ/kg 
u 2 =h 2 -Z 2 RT 2 = (-4105.2) - (0.9739)(0.5182)(523.15) = -4369.2 kJ/kg 
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T 527 1 5 

v 2 =Z 2 R^- = (0.9739X0.5 1 82) — = 0.0528 1 m 3 /kg 

2 2 P 2 5000 

As 2 = Z s2 R = (0. 1281X0.5 182 kJ/kg.K) = 0.06639 kJ/kg.K 
s 2 = ^2, ideal “^2 = 1 1.035 - 0.06639 = 10.968 kJ/kg.K 

Then, 

w chatt = P({/ 2 ~ v\) = (5000 kPa)(0. 05281 - 0.03393)m 3 /kg = 94.38kJ/kg 

^?chait = w ch£ut + (u 2 - u,) = 94.38 + [(-4369.2) - M729.6)]= 454.7kJ/kg 

As chart = s 2 - Si =10.968- 9.946 = 1.02kJ/kg 

The solution using EES built-in property data is as follows: 

, i/, = 0.03753 m 3 /kg 
T, = 100°C ] 

1 }u, =-45.10 kJ/kg 

P, =5 MPa 

1 J s 1 =-1.569 kJ/kg.K 


T 2 = 250°Cl 
P 2 = 5 MPaJ 


i/ 2 = 0.05443 m 3 /kg 
u 2 = 293.22 kJ/kg 
s 2 =-0.6204 kJ/kg.K 


Wees = P(u 2 -</,) = (5000 kPa)(0.05443 - 0.03753)m 3 /kg = 84.47kJ/kg 
?EES =^EES +(«2 - Ml) = 84.47 + [293.22 -(-45. 10)] = 422.8 kJ/kg 


Asees =s 2 - s, =-0.6204- (-1.569) =0.948kJ/kg 
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12-98E Methane is compressed steadily. The entropy change and the specific work required are to be determined using the 
departure charts and the property tables. 

Properties The properties of methane are (Table A- IE) 

M = 16.043 lbm/lbmol, T cr =343. 9R, P cr = 673psia ,c p = 0.532 Btu/lbm- R,R = 0.1238 Btu/lbm- R 

Analysis (a) Using empirical correlation for the c p of methane as given in Table A-2Ec gives 


h 2 -h { = j c p dT = ^ (a + bT + cT 2 + dT i )dT 


- a (T 2 ~T t ) + ^(T 2 2 - rf) + ^(r 2 3 -7’ i 3 ) + 7(T’ 2 4 -7\ 4 ) 


500 psia 
1 100°F 


,-2 


,-5 


= 4.750(1000) + 0 6666x10 (1560 2 -560 2 ) + °- 09352x10 ( i 56 q3 - 5 60 3 ) 

2 3 

+ -04510x10^ 4 _ 56q4 

4 

= 12,288 Btu/lbmol- R 

The work input is equal to the enthalpy change. The enthalpy change per unit mass is 

h 2 - h { 12,288 Btu/lbmol 



50 psia 
100°F 


w in =h 2 ~ h x = 

M 16. 043 lbm/lbmol 

Similarly, the entropy change is given by 


<>2 -®l) ideal = \^f dT ~ R u Xn ~y = \[^ + b + cT + 

t 1 1 V 


= 765.9Btu/lbm 


dT 


dT-R u In 


P, 


1 


1 


J 


P 


77 


P 7 


= a ln_l + b{ T 2 - Tl ) + UT} -T^ + Ut* -T?)-R u ln^f 

1 1 Z * M 

= 4.750 In + 0.6666 x 10" 2 (1560 - 560) + aQ9352xlQ _ (1560 2 _ 560 2 ) 


560 


,-9 


+ 0.4510x10 6 q 3 _5 60 3 )- (1 ,9858)ln — 

3 50 

= 7.407 Btu/lbmol- R 
The entropy change per unit mass is 

. (s 2 - Si ) ideal 7.407 Btu/lbmol- R 

-^l) ideal =- 


= 0.461 7Btu/lbm R 


M 16.043 lbm/lbmol 

(b) The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to 
be (Figs. A-29, A-30 or from EES. We used EES.) 


Tr 1 = 


Pr\ ~ 


and 


Tr2 ~ 


Pr2 ~ 


Tx 

560 

T a 

” 343.9 

Pi 

_ 50 _ 

Per 

~ 673 ~ 

t 2 

_ 1560 

Per 

~~ 343.9 

Pi 

_ 500 _ 


= 1.63 


= 0.0743 


>Z h{ =0.03313 and Z., =0.01617 


si 


= 4.54 


-» Z h2 = 0 and Z s2 = 0.00695 


P cl . 673 

The work input and entropy changes are 

w in ~h 2 ~ h x = ( h 2 - h { ) idea i - RT cr (Z h2 - Z h{ ) 

= 765.9 - (0.1238)(343.9)(0 - 0.03313) = 767.4Btu/lbm 

^2 _ ^1 - 0^2 “ s 0 ideal “ ~ ^ si ) 

= 0.4617 - (0.1238X0.00695 - 0.01617) = 0.4628Btu/lbm • R 
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12-99E Methane is compressed in a steady-flow device. The second-law efficiency of the compression process is to be 
determined. 

Analysis The reversible work input to the compressor is determined from 

w rev =h 2 -h x -T 0 (s 2 ~s x ) = 161 A Btu/lbm- (537 R)(0.4628 Btu/lbm- R) = 5 1 8.8 Btu/lbm 


The second-law efficiency of the compressor is 


>7h = 


w 


rev 


^actual 


= 0.676 = 67.6% 

767.4 


Fundamentals of Engineering (FE) Exam Problems 


12-100 A substance whose Joule-Thomson coefficient is negative is throttled to a lower pressure. During this process, 
(select the correct statement) 

(a) the temperature of the substance will increase. 

(b) the temperature of the substance will decrease. 

(c) the entropy of the substance will remain constant. 

(d) the entropy of the substance will decrease. 

(e) the enthalpy of the substance will decrease. 


Answer (a) the temperature of the substance will increase. 


12-101 Consider the liquid- vapor saturation curve of a pure substance on the P-T diagram. The magnitude of the slope of the 
tangent line to this curve at a temperature T (in Kelvin) is 

(a) proportional to the enthalpy of vaporization hf g at that temperature, 

(b) proportional to the temperature T, 

(c) proportional to the square of the temperature T, 

(d) proportional to the volume change Vf g at that temperature, 

(e) inversely proportional to the entropy change Sf g at that temperature, 


Answer (a) proportional to the enthalpy of vaporization hf g at that temperature, 
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12-102 Based on the generalized charts, the error involved in the enthalpy of C0 2 at 300 K and 5 MPa if it is assumed to be 
an ideal gas is 

(a) 0 (b) 9% (c) 16% (d) 22% (e) 27% 


Answer (e) 27% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T=300 "K" 

P=5000 "kPa" 

Pcr=P_CRIT(CarbonDioxide) 

Tcr=T_CRIT(CarbonDioxide) 

Tr=T/Tcr 

Pr=P/Pcr 

hR=ENTHDEP(Tr, Pr) 

h_ideal=1 1351/Molarmass(C02) "Table A-20 of the text" 

h_chart=hJdeal-R*Tcr*hR 

R=0.1889 

Error=(h_chart-hJdeal)/h_chart*Convert(, %) 


12-103 Based on data from the refrigerant- 134a tables, the Joule-Thompson coefficient of refrigerant- 1 34a at 0.8 MPa and 
100°C is approximately 

(a) 0 (b) -5°C/MPa (c) 1 l°C/MPa (d) 8°C/MPa (e) 26°C/MPa 


Answer (c) ll°C/MPa 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1=100 "C" 

PI =800 "kPa" 

hi =ENTHALPY(R1 34a,T=T1 ,P=P1 ) 

Tlow=TEMPERATURE(R1 34a,h=h1 ,P=P1 +1 00) 

Thigh=TEMPERATURE(R1 34a,h=h1 ,P=P1 -1 00) 

JT =(Tlow-Thigh)/200 
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12-104 For a gas whose equation of state is P((/- b) = RT, the specific heat difference c p 
(a) R (b) R - b (c) R + b (d) 0 


Answer (a) R 

Solution The general relation for the specific heat difference c p - c u is 

dP 


c — c — —T 

^ p v 


f f 


\dT j 


p\dv jt 


For the given gas, P(v- b) = RT. Then, 

f dv\ R 


RT , 
(/ = b b 


■» 


P = 


Substituting, 


P 

RT 
c / — b 


\dT j p 


P 


r dP^ 

V ac/y r 


RT 


O -b) 


c — c = — T 

c p c v J 


'R') 

2 

( p ^ 

TR 2 

{ Pj 


{ v-bj 

P(v-b) 


p 


c / — b 


= R 


12-105 ■■■ 12-107 Design and Essay Problems 




— c v is equal to 
(e) R(\ + v/b) 
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Chapter 13 
GAS MIXTURES 


PROPRIETARY AND CONFIDENTIAL 
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Composition of Gas Mixtures 


13-2 


13-1C The mass fractions will be identical, but the mole fractions will not. 


13-2C Yes. 


13-3C Yes, because both C0 2 and N 2 Q has the same molar mass, M — 44 kg/kmol. 


13-4C No. We can do this only when each gas has the same mole fraction. 


13-5C It is the average or the equivalent molar mass of the gas mixture. No. 


13-6 From the definition of mass fraction, 


mf, = 


m. 


m 


m 


NjMj 

N m M m 


= y> 


r M i N 

\ M rn; 


13-7 A mixture consists of two gases. Relations for mole fractions when mass fractions are known are to be obtained . 
Analysis The mass fractions of A and B are expressed as 


mf a = 


m A N aM 


M 


m m N m M m 


\ivx a J-r-i A 

= y A 


M 


and mf 5 = y B 


M 


B 


m 


M 


m 


Where m is mass, M is the molar mass, N is the number of moles, and y is the mole fraction. The apparent molar mass of the 
mixture is 


M _ m ,n _ N A M A + N B M B 


m 


N 


m 


N 


= y A M A +y B M 


B 


m 


Combining the two equation above and noting that + y B gives the following convenient relations for converting 
mass fractions to mole fractions, 


y a = 


M 


B 


M A (l/ mf A -1) + M B 


and y B =l-y A 


which are the desired relations. 
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13-8 The molar fractions of the constituents of moist air are given. The mass fractions of the constituents are to be 
determined. 

Assumptions The small amounts of gases in air are ignored, and dry air is assumed to consist of N 2 and 0 2 only. 
Properties The molar masses of N 2 , 0 2 , and H 2 0 are 28.0, 32.0, and 18.0 kg/kmol, respectively (Table A-l). 
Analysis The molar mass of moist air is 

M = 'Yj i M i = 0.78 x 28.0 + 0.20 x 32.0 + 0.02 x 18 = 28.6 kg/kmol 

Then the mass fractions of constituent gases are determined to be 

M n 28 0 

N 2 : mf N = y N — ^ = (0.78) — = 0.764 

M n 32 0 

O, : mf n = y n — ^ = (0.20) — = 0.224 

° 2 ° 2 M 28.6 

ISO 

H 2 0 : mf HO =y HO — ^ = (0.02) — = 0.013 

2 h 2 o h 2 o m 28.6 

Therefore, the mass fractions of N 2 , 0 2 , and H 2 0 in the air are 76.4%, 22.4%, and 1.3%, respectively. 


Moist air 
78% N 2 
20 % 0 2 
2% H 2 O 
(Mole fractions) 


13-9 The molar fractions of the constituents of a gas mixture are given. The gravimetric analysis of the mixture, its molar 
mass, and gas constant are to be determined. 

Properties The molar masses of N 2 , and C0 2 are 28.0 and 44.0 kg/kmol, respectively (Table A-l) 

Analysis Consider 100 kmol of mixture. Then the mass of each component and the total mass are 

N n o = 60 kmol » m No = N n = (60 kmol)(28 kg/kmol) = 1680 kg 

/V C o, - 40 kmol >• m C Q 2 = N COi M c 0o = (40 kmol)(44 kg/kmol) = 1760 kg 

m rn = m No + m co ^ = 1680 kg + 1760 kg = 3440 kg 

Then the mass fraction of each component (gravimetric analysis) becomes 

1680 kg 


m 


mf N, = 


N- 


m m 3440 kg 


= 0.488 or 48.8% 


mf 


m 


co 2 1760 kg 


co- 


= 0.512 or 51.2% 


m 


3440 kg 

The molar mass and the gas constant of the mixture are determined from their definitions, 

3,440 kg 


m 

M,„ = 


m 


N m 100 kmol 


= 34.40 kg / kmol 


m 


and 


R = Ru 


m 


M, 


m 


8.314 kJ /kmol -K 
34.4 kg/kmol 


= 0.242 kJ/kg K 
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13-10 The molar fractions of the constituents of a gas mixture are given. The gravimetric analysis of the mixture, its molar 
mass, and gas constant are to be determined. 

Properties The molar masses of 0 2 and C0 2 are 32.0 and 44.0 kg/kmol, respectively (Table A-l) 

Analysis Consider 100 kmol of mixture. Then the mass of each component and the total mass are 

N 0 2 = 60 kmol > m Q = N 0 M 0i = (60 kmol)(32 kg/kmol) = 1920 kg 

N C o 2 = 40 kmo1 > '«co 2 = /V co 2 /W co 2 = (40 kmol)(44 kg/kmol) = 1760 kg 

m m = m Qi +m C o 2 = 1920 kg + 1760 kg = 3680 kg 
Then the mass fraction of each component (gravimetric analysis) becomes 


mf 0i = 


™o 2 _ 1920 kg 
m m 3680 kg 


= 0.522 or 52.2% 


mf 


m 


co 2 1760 kg 


CO- 


= 0.478 or 47.8% 



m 


3680 kg 

The molar mass and the gas constant of the mixture are determined from their definitions, 


= 


m 


m 


m 


N 


m 


3680 kg 
100 kmol 


= 36.80 kg/kmol 


and 


= 


R. 


m 


M 


m 


8.314kJ/kmol-K 
36. 8 kg/kmol 


= 0.226 kj/kg K 
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13-11 The masses of the constituents of a gas mixture are given. The mass fractions, the mole fractions, the average molar 
mass, and gas constant are to be determined. 

Properties The molar masses of 0 2 , N 2 , and C0 2 are 32.0, 28.0 and 44.0 kg/kmol, respectively (Table A-l) 

Analysis (a) The total mass of the mixture is 

m m = m 02 + m Ni + m COi = 2 kg + 5 kg + 7 kg = 14 kg 

Then the mass fraction of each component becomes 


mf o 2 = 


mf N , = 


m o 2 2 kg 


m 


m 


m 


N- 


m 


mf 


m 


m CO- 


14 kg 

5 kg 

14 kg 

7 kg 


CO- 


771 


m 


14 kg 


= 0.1429 
= 0.3571 
= 0.5 



(b) To find the mole fractions, we need to determine the mole numbers of each component first. 


No, = 


m 


o- 


2 kg 


M 0 32 kg/kmol 


= 0.0625 kmol 


N N „ = 


m 


N- 


5 kg 


M 


N- 


N 


171 CO- 


28 kg/kmol 
7 kg 


= 0.1 786 kmol 


CO- 


M co, 44 kg/kmol 


= 0.1 591 kmol 


Thus, 


and 


N„ =N q + A^xt + 


m 


N- 


CO, 


= 0.0625 kmol + 0. 1786 kmol + 0. 1591kmol = 0.4002 kmol 


yo, = 


y No _ 


- 


N o„ 0.0625 kmol 


N 


N 


m 


N- 


N 


m 


0.4002 kmol 

0.1 786 kmol 
0.4002 kmol 


= 0.1562 
= 0.4462 


N co, 0.1 591 kmol 


N 


m 


0.4002 kmol 


= 0.3976 


(c) The average molar mass and gas constant of the mixture are determined from their definitions: 


= 


m 


m 


14 kg 


111 


N 


m 


0.4002 kmol 


= 34.99kg/kmol 


and 


R = 


R . 


m 


M 


m 


8.314kJ/kmol- K 
34. 99 kg/kmol 


0.2376kJ/kg K 
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13-12 The mass fractions of the constituents of a gas mixture are given. The mole fractions of the gas and gas constant are to 
be determined. 

Properties The molar masses of CH 4 , and C0 2 are 16.0 and 44.0 kg/kmol, respectively (Table A-l) 

Analysis For convenience, consider 100 kg of the mixture. Then the number of moles of each component and the total 
number of moles are 


m cn A = 7 5 kg > N C u 


m co. _ 75 kg > N co . 


m 


cm 


75 kg 


M CH 16 kg/kmol 


= 4.688 kmol 


m 


co 2 


25 kg 


= 0.568 kmol 


M COi 44 kg/kmol 
N m = /V C h 4 + ^co 2 = 4.688 kmol + 0.568 kmol = 5.256 kmol 
Then the mole fraction of each component becomes 
N CHd 4.688 kmol 


? ch 4 - 


m 


5.256 kmol 


= 0. 892 or 89.2% 


Jco .^. 0568tm °1 .0. l0g Q,- 10 .S% 


N 


hi 


5.256 kmol 


The molar mass and the gas constant of the mixture are determined from their definitions, 


m 

M = — 

m 


100 kg 


N m 5.256 kmol 


= 19.03 kg/kmol 


mass 

75% CH 4 
25% C0 2 


and 



R. 


M 


m 


8.314 kJ/kmol-K 
19.03 kg/kmol 


= 0.437 kj/kg K 


13-13 The mole numbers of the constituents of a gas mixture are given. The mass of each gas and the apparent gas constant 
are to be determined. 

Properties The molar masses of H 2 , and N 2 are 2.0 and 28.0 kg/kmol, respectively (Table A-l) 

Analysis The mass of each component is determined from 

N h ^ =5 kmol » ra Ho = A^ Hi ^h 2 = (6 kmol)(2.0 kg/kmol) = 1 2 kg 

N Ni = 4 kmol > ra N ^ = /V No M = (2 kmol)(28 kg/kmol) = 56 kg 

The total mass and the total number of moles are 

m ,n = m n 2 + m Ni = 12 kg + 56 kg = 68 kg 
N m - N Hi + N n o = 6 kmol + 2 kmol = 8 kmol 


6 kmol H 2 
2 kmol N 2 


The molar mass and the gas constant of the mixture are determined from their definitions, 


/77 

M =—^ 

m 


68 kg 


N 


= 8.5 kg/kmol 


m 


and 


R u 

R» = u 


m 


M 


m 


8 kmol 

8.314kJ/kmol- K 
8.5 kg/kmol 


0.978kJ/kg K 
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P-v-T Behavior of Gas Mixtures 


13-14C Normally yes. Air, for example, behaves as an ideal gas in the range of temperatures and pressures at which oxygen 
and nitrogen behave as ideal gases. 


13-15C The pressure of a gas mixture is equal to the sum of the pressures each gas would exert if existed alone at the 
mixture temperature and volume. This law holds exactly for ideal gas mixtures, but only approximately for real gas 
mixtures. 


13-16C The volume of a gas mixture is equal to the sum of the volumes each gas would occupy if existed alone at the 
mixture temperature and pressure. This law holds exactly for ideal gas mixtures, but only approximately for real gas 
mixtures. 


13-17C The P-v-T behavior of a component in an ideal gas mixture is expressed by the ideal gas equation of state using the 
properties of the individual component instead of the mixture, Pm = RjT h The P-v-T behavior of a component in a real gas 
mixture is expressed by more complex equations of state, or by Pm = ZjRiT n where Z, is the compressibility factor. 


13-18C Component pressure is the pressure a component would exert if existed alone at the mixture temperature and 
volume. Partial pressure is the quantity y ; -P m , where y, is the mole fraction of component i. These two are identical for ideal 
gases. 


13-19C Component volume is the volume a component would occupy if existed alone at the mixture temperature and 
pressure. Partial volume is the quantity yM n , where y ; is the mole fraction of component i. These two are identical for ideal 
gases. 


13-20C The one with the highest mole number. 


13-21 C The partial pressures will decrease but the pressure fractions will remain the same. 


13-22C The partial pressures will increase but the pressure fractions will remain the same. 


13-23C No. The correct expression is “the volume of a gas mixture is equal to the sum of the volumes each gas would 
occupy if existed alone at the mixture temperature and pressure.” 
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13-24C No. The correct expression is “the temperature of a gas mixture is equal to the temperature of the individual gas 
components.” 


13-25C Yes, it is correct. 


13-26 The partial pressure of R-134a in atmospheric air to form a 100-ppm contaminant is to be determined. 
Analysis Noting that volume fractions and mole fractions are equal, the molar fraction of R-134a in air is 


y R1 34a ~~ 


100 

10 6 


0.0001 


The partial pressure of R- 1 34a in air is then 


^R 134 a = VR134a^ = (0.0001)(100 kPa) =0.01kPa 


mf H2 = 


mf He = 


mf N2 = 


m 


H2 


m 


m 


m 


He 


m 


m 


m 


N2 


1060 kg 
160 kg 
1060 kg 
840 kg 


= 0.05660 
= 0.1509 
= 0.7925 


m 


1060 kg 

The apparent molecular weight of the mixture is 

1060 kg 


M = — 

m 


N 


m 


lOOkmol 


= 10.60kg/kmol 


13-27 The volume fractions of components of a gas mixture are given. The mass fractions and apparent molecular weight of 
the mixture are to be determined. 

Properties The molar masses of H 2 , He, and N 2 are 2.0, 4.0, and 28.0 kg/kmol, respectively (Table A-l). 

Analysis We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 
component are 

m m = N m M m = (30 kmol)(2 kg/kmol) = 60 kg 
m H e = /V He M He = (40 kmol)(4 kg/kmol) = 160 kg 
m m = /V N2 4T n 2 - (30 kmol)(28 kg/kmol) = 840 kg 

The total mass is 

m m = m m + ra He + N m = 60 + 160 + 840 = 1060 kg 
Then the mass fractions are 

60 kg 


30% H 2 
40% He 
30% N 2 
(by volume) 
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13-28E The masses of the constituents of a gas mixture at a specified pressure and temperature are given. The partial 
pressure of each gas and the apparent molar mass of the gas mixture are to be determined. 

Assumptions Under specified conditions both C0 2 and CH 4 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 


Properties The molar masses of C0 2 and CH 4 are 44.0 and 16.0 lbm/lbmol, respectively (Table A- IE) 
Analysis The mole numbers of gases are 


m cn \ ibm 

m rn = 1 lbm >N rn = 2 = = 0.0227 lbmol 

2 2 M ca 44 lbm/lbmol 

wir'u 3 lbm 

m cu =3 lbm > N cu = - = = 0.1875 lbmol 

4 M CH4 16 lbm/lbmol 


N m = /V co , + A^ch 4 — 0.0227 lbmol + 0. 1875 lbmol =0.2102 lbmol 


y co 2 


ycn 4 


N 


CO- 


ZY 


m 


N 


CH, 


N 


m 


0.0227 lbmol 
0.2 102 lbmol 


0.108 


0.1 875 lbmol 
0.2 102 lbmol 


0.892 


1 lbm C0 2 
3 lbm CH 4 

600 R 
20 psia 


Then the partial pressures become 

^co 2 = yco 2 p m = (0.108X20 psia) = 2.16psia 
^ch 4 = y ch 4 P m =(0.892X20 psia) = 17.84 psia 


The apparent molar mass of the mixture is 

= B! _ = _41bm_ 

N m 0.2102 lbmol 
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13-29 The volumetric fractions of the constituents of a gas mixture at a specified pressure and temperature are given. The 
mass fraction and partial pressure of each gas are to be determined. 

Assumptions Under specified conditions all N 2 , 0 2 and C0 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 

Properties The molar masses of N 2 , 0 2 and C0 2 are 28.0, 32.0, and 44.0 kg/kmol, respectively (Table A-l) 

Analysis For convenience, consider 100 kmol of mixture. Then the mass of each component and the total mass are 


A/ No = 65 kmol > m N = N n ^M No = (65 kmol)(28 kg/kmol) = 1820 kg 

N q ^ = 20 kmol » m 0 = N 0 M = (20 kmol)(32 kg/kmol) = 640 kg 

N c o, =15 kmol > m co 2 = ^ co 2 ^ co 2 - (l5 kmol)(44 kg/kmol) = 660 kg 

m m = m Ni + + m COi - 1820 kg + 640 kg + 660 kg = 3 120 kg 

Then the mass fraction of each component (gravimetric analysis) becomes 




m 


m 


1820kg 
3120 kg 


0.583 or 58.3% 




m 


m 


640 kg 
3120 kg 


0.205 or 20.5% 


m co 2 _ 660 kg 
m m 3120 kg 


0.212 or 21 . 2 % 


65% N 2 
20 % 0 2 

15% C0 2 

350 K 
300 kPa 


For ideal gases, the partial pressure is proportional to the mole fraction, and is determined from 

^n 2 = )'n 2 =(0.65)(300kPa) = 195 kPa 

Po 2 = Jo, P m = (0.20)(300 kPa) = 60 kPa 
P C o 2 =y C o 2 P m = (0.15)(300 kPa) = 45 kPa 
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13-30 The partial pressures of a gas mixture are given. The mole fractions, the mass fractions, the mixture molar mass, the 
apparent gas constant, the constant- volume specific heat, and the specific heat ratio are to be determined. 

Properties The molar masses of C0 2 , 0 2 and N 2 are 44.0, 32.0, and 28.0 kg/kmol, respectively (Table A-l). The constant- 
volume specific heats of these gases at 300 K are 0.657, 0.658, and 0.743 kJ/kg-K, respectively (Table A-2a). 

Analysis The total pressure is 

^totai = P C Q2 + Pol + Pn2 = 20 + 30 + 50 = 100 kPa 


The volume fractions are equal to the pressure fractions. Then, 


P 


y coi 


y 02 


C02 


P 


total 


P 


02 


P 


total 


P 


y N2 - 


N2 


P 


total 


20 

100 

40 

100 

50 

100 


= 0.20 
= 0.30 
= 0.50 


Partial pressures 
C0 2 , 20 kPa 
0 2 , 30 kPa 
N 2 , 50 kPa 


We consider 100 kmol of this mixture. Then the mass of each component are 

m co 2 = N QQ 2 -M C 02 = (20 kmol)(44 kg/kmol) = 880 kg 
m 02 = No 2 M 02 = (30 kmol)(32 kg/kmol) = 960 kg 
m N2 = ^N2^N2 = (50 kmol)(28 kg/kmol) = 1400 kg 

The total mass is 

m m = m N2 + rn 02 + m Ar = 880 + 960 + 1400 = 3240 kg 
Then the mass fractions are 

m co 2 880 kg 


mf 


C02 


mf 02 = 


m 


m 


m 


02 


3240 kg 
960 kg 


= 0.2716 


m 


mf N2 = 


m 


m 


N2 


3240 kg 
1400 kg 


= 0.2963 
= 0.4321 


m 


3240 kg 

The apparent molecular weight of the mixture is 


M = — 

m 


3240 kg 


= 32.40kg/kmol 


N m 100 kmol 

The constant-volume specific heat of the mixture is determined from 

c v = m ^Co2 C v,C02 + m fo2 C v,02 + m fN2 C v,N2 

= 0.2716 x 0.657 + 0.2963 x 0.658 + 0.4321 x 0.743 

= 0.6945k J/kgK 

The apparent gas constant of the mixture is 

8.314kJ/kmol- K 


R 

R = — — 


= 0.2566kJ/kg K 


32.40 kg/kmol 

The constant-pressure specific heat of the mixture and the specific heat ratio are 
c p = c v + R = 0.6945 + 0.2566 = 0.951 1kJ/kg- K 


k = 


c p _ 0.9511kJ/kg • K 
c “0.6945 kJ/kg-K 


= 1.370 
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13-31 An additional 5% of oxygen is mixed with standard atmospheric air. The molecular weight of this mixture is to be 
determined. 

Properties The molar masses of N 2 and 0 2 are 28.0 and 32.0 kg/kmol, respectively (Table A-l). 

Analysis Standard air is taken as 79% nitrogen and 21% oxygen by mole. That is, 

y 02 =o.2i 

Jn2 = 0*79 


Adding another 0.05 moles of 0 2 to 1 kmol of standard air gives 


y 02 

y N2 


0.26 

L05 

0.79 

1.05 


0.2476 

0.7524 


Then, 

M m =yo 2 M o 2 +ym M m = 0.2476x32 + 0.7524x28 = 28.99kg/kmol 


13-32 The masses, temperatures, and pressures of two gases contained in two tanks connected to each other are given. The 
valve connecting the tanks is opened and the final temperature is measured. The volume of each tank and the final pressure 
are to be determined. 


Assumptions Under specified conditions both N 2 and 0 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture 


Properties The molar masses of N 2 and 0 2 are 28.0 and 32.0 kg/kmol, respectively. The gas constants of N 2 and 0 2 are 
0.2968 and 0.2598 kPam 3 /kg-K, respectively (Table A-l). 

Analysis The volumes of the tanks are 


Also, 


/ DT \ 


t/ N = 


V 0 2 = 


mRT 


P 


7n- 


r mRT"' 


P 


s O- 


(2 kg)(0.2968 kPa • mVkg • K)(298 K) = Q ^ m3 
550 kPa 

(4 kg)(0.2598 kPa ■ m 3 /kg ■ K)(298 K) ^ Qfi . m3 
150 kPa 


2 kg N 2 

T 

4 kg 0 2 

25 °C 


25°C 

550 kPa 


150 kPa 


{/ to tai = ^n 2 + V Q , = 0-322 m 3 + 2.065 m 3 = 2.386 m 3 


m 

2 M 


N- 


2 kg 


N- 


28 kg/kmol 


= 0.07143 kmol 


No- = 


m o 2 4 kg 


M 0o 32 kg/kmol 


= 0.125 kmol 


N m = N Ni + = 0.07143 kmol + 0. 125 kmol = 0. 1964 kmol 


Thus, 



' NKJ ' 

l V J 


m 


(0. 1964 kmol)(8.3 14 kPa • m 3 /kmol • K)(298 K) 

— 2U4 Kr3 

2.386 m 3 
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13-33 The masses of components of a gas mixture are given. The apparent molecular weight of this mixture, the volume it 
occupies, the partial volume of the oxygen, and the partial pressure of the helium are to be determined. 

Properties The molar masses of 0 2 , C0 2 , and He are 32.0, 44.0, and 4.0 kg/kmol, respectively (Table A-l). 

Analysis The total mass of the mixture is 

m ,n = m 02 + m C02 + m Uc = 0.4 + 0.7 + 0.2 = 1 .3 kg 


The mole numbers of each component are 

N 02 = -^L = ° l 4kg - = 0.01250 kmol 
M 02 32 kg/kmol 

n co 2 = = °' 7kg = 0.01591 kmol 

M co 2 44 kg/kmol 

N h = = °~ 2kg = 0.05 kmol 

M He 4 kg/kmol 


0.4 kg 0 2 
0.7 kg C0 2 
0.2 kg He 


The mole number of the mixture is 

N m = N Q2 + N CQ2 + /V He = 0.01250 + 0.01591 + 0.05 = 0.07841 kmol 
Then the apparent molecular weight of the mixture becomes 

M = = 1 6.58kg/kmol 

N m 0.07841 kmol 


The volume of this ideal gas mixture is 



N m R u T 

P 


(0.07841 kmol)(8. 3 14 kPa • m 3 /kmol- K)(300 K) ^ 956m 3 

100 kPa ~ " ^ 


The partial volume of oxygen in the mixture is 


^02 ~ y 02^ m ~ 


N 


02 


N 


V 


m 


m 


0.0 1250 kmol 
0.07841 kmol 


(1.956 m 3 ) = 0.31 18m 3 


The partial pressure of helium in the mixture is 


^He “ y He ^ m ~ 


N 


He 


N 


P = 


m 


m 


0.05 kmol 
0.07841 kmol 


(100 kPa) = 63.77kPa 
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13-34 The mass fractions of components of a gas mixture are given. The volume occupied by 100 kg of this mixture is to be 
determined. 

Properties The molar masses of CH 4 , C 3 H 8 , and C4H10 are 16.0, 44.0, and 58.0 kg/kmol, respectively (Table A-l). 

Analysis The mole numbers of each component are 


C3H8 


C4H10 


m CH4 

60 kg 

M CH4 

16 kg/kmol 

m C3H8 

25 kg 

M C3H8 

44 kg/kmol 

m C4H10 

15 kg 

M C4H10 

58 kg/kmol 


= 0.5682 kmol 
= 0.2586 kmol 


60% CH 4 
25% C 3 H 8 
15% C 4 H 10 
(by mass) 


The mole number of the mixture is 

N m = N cm + N C3m + /V C4H1 o = 3.75 + 0.5682 + 0.2586 = 4.5768 kmol 
The apparent molecular weight of the mixture is 

U 100tg - 21. 85 kg/kmol 

4. 5768 kmol 

Then the volume of this ideal gas mixture is 

_ N m R u T _ (4.5768 kmol)(83 14 kPa-m 3 /kmol-K)(3 10 K) 3 

\r 1 j . W ■ W W in 

P 3000 kPa 


13-35 A tank contains a mixture of two gases of known masses at a specified pressure and temperature. The volume of the 
tank is to be determined. 

Assumptions Under specified conditions both 0 2 and C0 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 

Analysis The total number of moles is 

N m = N Qi + N COi = 8 kmol + 10 kmol = 18 kmol 

Then 

N m R u T m (18 kmol)(8.314 kPa • m 3 /kmol • K)(290 K) 
m ~ P m ~ 150 kPa 
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13-36 A tank contains a mixture of two gases of known masses at a specified pressure and temperature. The volume of the 
tank is to be determined. 


Assumptions Under specified conditions both 0 2 and C0 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 


Analysis The total number of moles is 

N m = N 0i + N co 2 = 8 kmol + 10 kmol = 18 kmol 

Then 

^ N m R Jm _ (18 kmol)(8. 3 14 kPa ■ m 3 /kmol • K)(400 K) 
m ~ —p m ” 150 kPa 


8 kmol 0 2 
10 kmol C0 2 

400 K 
150 kPa 


13-37 The mass fractions of components of a gas mixture are given. The partial pressure of ethane is to be determined. 
Properties The molar masses of CH 4 and C 2 H 6 are 16.0 and 30.0 kg/kmol, respectively (Table A-l). 

Analysis We consider 100 kg of this mixture. The mole numbers of each component are 

70 kg 


N 


m 


CH4 


CH4 


N 


M ch 4 16 kg/kmol 

m C2H6 kg 


C2H6 


= 4.375 kmol 
- = 1 .0 kmol 


M c 2 h 6 30 kg/kmol 
The mole number of the mixture is 


N m = N cm + N C2H6 = 4.375 + 1.0 = 5.375 kmol 


The mole fractions are 


N 


y CH4 - 


y C2H6 “ 


CH4 


4.375 kmol 


N m 5.375 kmol 


N 


C2H6 


1.0 kmol 


= 0.8139 


= 0.1861 


N m 5.375 kmol 
The final pressure of ethane in the final mixture is 

7>C2H6 = ycirnPm = (0. 1861X130 kPa) = 24.1 9kPa 


70% CH 4 
30% C 2 H 6 
(by mass) 
100 m 3 

130 kPa, 25 °C 
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13-38E A mixture consists of liquid water and another fluid. The specific weight of this mixture is to be determined. 
Properties The densities of water and the fluid are given to be 62.4 lbm/ft and 50.0 lbm/ft , respectively. 

Analysis We consider 1 ft of this mixture. The volume of the water in the mixture is 0.35 ft which has a mass of 

m w = p w V w = (62.4 lbm/ft 3 )(0. 35 ft 3 ) = 2 1 . 84 lbm 
The weight of this water is 

f 11 1-V-P x 

W =m g = (21.84 lbm)(3 1.9 ft/s 2 ) = 21.65 lbf 

V32. 174 lbm • ft/s 2 J 

Similarly, the volume of the second fluid is 0.65 ft 3 , and the mass of this fluid is 
m f = p f V f = (50 lbm/ft 3 )(0. 65 ft 3 ) = 32.50 lbm 
The weight of the fluid is 

f i ihf A 

W f =m f g=( 32.50 lbm)(3 1.9 ft/s 2 ) =32.22 lbf 

3 3 U2.1741bm-ft/s 2 J 

The specific weight of this mixture is then 

W',+H7 _ (2|.65 + 32.22) lbf _ 53-9|b|m , 

V. - (0.35 + 0.65)4 3 


13-39 The mole fractions of components of a gas mixture are given. The mass flow rate of the mixture is to be determined. 
Properties The molar masses of air and CH 4 are 28.97 and 16.0 kg/kmol, respectively (Table A-l). 

Analysis The molar fraction of air is 

>’air = 1 - >’CH4 = 1-0. 15 = 0.85 
The molar mass of the mixture is determined from 

M m “ yCH4^CH4 + J air ^ air 

= 0.15x16 + 0.85x28.97 
= 27.02 kg/kmol 

Given the engine displacement and speed and assuming that this is a 4-stroke engine (2 revolutions per cycle), the volume 
flow rate is determined from 

, v n Ki (3000 rev/min)(0 . 005 m 3 ) 3 

v = = = 7.5 m /min 

2 2 rev/cycle 

The specific volume of the mixture is 

R U T (8.314kPam 3 /kmolK)(293 K) 1 3/l 

i/ = = = 1.127 m /kg 

M m P (27.02 kg/kmol)(80kPa) 

Hence the mass flow rate is 

• o 

(/ 7.5m /min _ . . 

m = — = — = 6.65 kg/min 

^ 1.127m 3 /kg 
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13-40E The volumetric fractions of components of a natural gas mixture are given. The mass and volume flow rates of the 
mixture are to be determined. 

Properties The molar masses of CH 4 and C 2 H 6 are 16.0 and 30.0 lbm/lbmol, respectively (Table A- IE). 

Analysis The molar mass of the mixture is determined from 

M m = y c h 4 M CH4 + Tc 2 H 6 ^C 2 H 6 - 0-^5 x 16 + 0.05 x 30 = 16.70 lbm/lbmol 


The specific volume of the mixture is 


i/ = 


R U T 

M m P 


(10.73 psia - ft 3 /lbmol- R)(520 R) 
(16.70 lbm/lbmolX100 psia) 


3.341 ft 3 /lbm 


The volume flow rate is 


95% CH 4 
5% C 2 H 6 
(by volume) 


0 = AV 



;r(36/12 ft) 2 
4 


(10 ft/s) =70.69ft 3 /s 


and the mass flow rate is 



70.69ft 3 /s 
3.341ft 3 /lbm 


= 21.16lbm/s 
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13-41E The mass fractions of gases forming a mixture at a specified pressure and temperature are given. The mass of the gas 
mixture is to be determined using four methods. 

Properties The molar masses of CH 4 and C 2 H 6 are 16.0 and 30.0 lbm/lbmol, respectively (Table A- IE). 

Analysis {a) We consider 100 lbm of this mixture. Then the mole numbers of each component are 


^CH4 “ 
^C2H6 “ 


m 


CH4 


75 lbm 


^ cm 

m C2H6 


M 


C2H6 


16 lbm/lbmol 
25 lbm 
30 lbm/lbmol 


- 4.6875 lbmol 


= 0.8333 lbmol 


The mole number of the mixture and the mole fractions are 


N m = 4.6875 + 0.8333 = 5.5208 lbmol 


y CH4 - 


y C2H6 “ 


AW_ 4.68751bmol _ 08/|91 
N m 5.5208 lbmol 

^C2H6 = 0-8333 lbmol = Q ^ 
N m 5.5208 lbmol 


75% CH 4 
25% C 2 H 6 
(by mass) 
2000 psia 
300°F 


Then the apparent molecular weight of the mixture becomes 


M = — 

m 


100 lbm 


5.5208 lbmol 


= 18.11 lbm/lbmol 


m 


The apparent gas constant of the mixture is 


„ R u 10.73psia-ft 3 /lbmol- R „ 

R = = = 0.5925 psia • ft /lbm- R 


M 


m 


18. 11 lbm/lbmol 


The mass of this mixture in a 1 million ft tank is 


Pi/ 

m = 

RT 


(2000 psia)(l x 10 6 ft 3 ) 

(0. 5925 psia • ft 3 /lbm • R)(760 R) 


4.441x10 6 lbm 


(b) To use the Amagat’s law for this real gas mixture, we first need the compressibility factor of each component at the 
mixture temperature and pressure. The compressibility factors are obtained using Fig. A- 15 to be 


Tr,c H4 
Pr,c H4 


T 

m 

^cr,CH4 

P 

m 

^cr,CH4 


760 R 
343. 9R 


2.210 


2000 psia _ 2 9?2 
673 psia 


f ^CH4 


0.98 


Tr,c 2H6 
Pr, C2H6 


760 R 
549. 8 R 


1.382 


1500 psia 
708 psia 


f ^C2H6 


0.77 


Then, 


Z m ~ ^ y^i - y cm^cm + Tc2H6-^c2H6 _ (0.849 1)(0.98) + (0.1509)(0.77) - 0.9483 
Pi/ 


m = 


(2000 psia)(l x 10 6 ft 3 ) 


Z m RT (0.9483X0.5925 psia- ft 3 /lbm-R)(760R) 
(c) To use Dalton’s law with compressibility factors: (Fig. A- 15) 
Tr,c H4 = 2.210 


= 4.684x1 0 6 lbm 


1/ 


^n/ m cm 


/?,CH4 


(lxlO 6 ft 3 )/(4.441xl0 6 x 0.75 lbm) 
^CH4 r cr,CH4 ' P cr,CH4 (0.6688 psia • ft 3 /lbm- RX343.9 R)/(673 psia) 


= 0.8782 


Z C h4 = 0.98 
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^tf,C2H6 “ 1-382 


Vr,C 2H6 - 


l/ m /ra 


C2H6 


^cr,C2H6 / ^cr,C2H6 


(lxlO 6 ft 3 )/(4.441 x10 6 x 0.25 lbm) 
(0.3574 psia • ft 3 /lbm - R)(549.8 R)/(708 psia) 


= 3.244 


^CH4 “ 0-^2 


Note that we used m = 4.441x10” x0.251bmin above calculations, the value obtained by ideal gas behavior. The solution 
normally requires iteration until the assumed and calculated mass values match. The mass of the component gas is obtained 
by multiplying the mass of the mixture by its mass fraction. Then, 

=2>, z ,- =y CH4 Z CH4+ y C2H6 Z C2H6 = (0.8491X0.98) + (0.1509X0.92) =0.9709 


PV 


m = 


(2000psia)(lxl0 6 ft 3 ) 


Z,„RT (0.9709X0.5925 psia • ft 3 /lbm- R)(760 R) 


= 4.575x1 0 6 lbm 


This mass is sufficiently close to the assumed mass value of 4.441x10” x 0.25 lbm. Therefore, there is no need to repeat the 
calculations at this calculated mass. 

(d) To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo -critical pressure of the mixture using 
the critical point properties of gases. 

^cr ,m = ^ y /^cr,i = 3 ; CH4^cr,Ch4 + 3 ; C2H6^cr,C2H6 

= (0. 849 1)(343 .9 R) + (0. 1 509)(549. 8 R) 

= 375.0 R 

Kr,m = ^ y i^cr,i = 3 ; Ch4^cr,Ch4 + ^C2H6^cr,C2H6 

= (0. 849 1 )(673 psia) + (0. 1 509)(708 psia) 

= 678.3 psia 

Then, 


Tr = 


T, 


m 


T, 


Pr = 


cr ,m 

P, 


m 


P 


cr, m 


760 R 
375. OR 

2000 psia 
678.3psia 


= 2.027 


= 2.949 


z m = 0.97 


(Fig. A- 15) 


Pi f 


m — 


(2000psia)(l xlO 6 ft 3 ) 


Z m RT (0.97X0.5925 psia • ft 3 /lbm- R)(760 R) 


= 4.579x1 0 6 lbm 
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13-42 The volumetric analysis of a mixture of gases is given. The volumetric and mass flow rates are to be determined using 
three methods. 

Properties The molar masses of 0 2 , N 2 , C0 2 , and CH 4 are 32.0, 28.0, 44.0, and 16.0 kg/kmol, respectively (Table A-l). 

Analysis {a) We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of 
each component are 

m Q 2 = N 02 M 02 = (30 kmol)(32 kg/kmol) = 960 kg 
m m = N m M m = (40 kmol)(28 kg/kmol) = 1120 kg 
m c 02 = N C 02 M C02 = (10 kmol)(44 kg/kmol) = 440 kg 
m c H4 = N CH 4 .M ch 4 “ (20 kmol)( 16 kg/kmol) = 320 kg 

The total mass is 

m m = m 02 + m m + m C02 + m cm 
= 960 + 1120 + 440 + 320 
= 2840 kg 


30% 0 2 
40% N 2 

10% co 2 

20% CH 4 
(by volume) 


The apparent molecular weight of the mixture is 
m m 2840 kg 


M,„ = 


m 


= 28.40 kg/kmol 


N m 100 kmol 

The apparent gas constant of the mixture is 
R u 8.314kJ/kmol-K 


R = 


M 


m 


28.40 kg/kmol 


= 0.2927 kJ/kg-K 


The specific volume of the mixture is 

RT (0.2927 kPa-m 3 /kg-K)(288 K) 3/| 

t/ = = = 0.01054 m /kg 


P 


8000 kPa 


Mixture 
8 MPa, 15°C 


The volume flow rate is 

0 = AV = — V = ;r(Q '° 16m) (5 m/s) = 0.001 005m 3 /s 
4 4 

and the mass flow rate is 



0.001005 m 3 /s 
0.01054 m 3 /kg 


0.09535kg/s 


(b) To use the Amagaf s law for this real gas mixture, we first need the mole fractions and the Z of each component at the 
mixture temperature and pressure. The compressibility factors are obtained using Fig. A- 15 to be 


T 


T 


m 


R, 02 


T. 


cr, 02 


P 


P. 


m 


288 K 
154.8K 

8 MPa 


= 1.860 


Z 02 = 0.95 


r, 02 


P 


cr,02 


5.08 MPa 


= 1.575 


T 


R, N2 


P 


R, N2 


288 K 
126.2K ~ 
8 MPa 
3.39 MPa 


2.282 
= 2.360 


Z N2 = 0.99 


Tr,c 02 
Pr,c 02 


288 K 
304. 2 K ~ 
8 MPa 
7.39MPa 


0.947 
= 1.083 


C02 


0.199 


Tr, CH4 
Pr,C H4 


288 K 
191. IK ~ 
8 MPa 
4. 64 MPa 


1.507 
= 1.724 


CH4 


0.85 


and 
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Then, 


Z m ~Y, y i Z i ~ y 02^02 + ^02^02 + ^002^02 + 3 7 CH4^CH4 

- (0.30)(0.95) + (0.40)(0.99) + (0.10)(0.199) + (0.20)(0.85) 
= 0.8709 


V= ^L= (0.8709)(0.2927kPa.m^kg.K)(288 K) = Q ^ m3/kg 


P 


8000 kPa 


0 = 0.001 005m 3 /s 

. 0 0.001005 m 3 /s 

m — — = — 


= 0.1095kg/s 

v 0.009178 nrVkg 

(c) To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo-critical pressure of the mixture using 
the critical point properties of mixture gases. 

^cr ,m ~ y^crj “ J02^cr,02 + 3 7 N2^cr,N2 + Jc 02^cr,C02 + 3 7 CH4^cr,CH4 

= (0.30)(154.8 K) + (0.40)(126.2 K) + (0. 10)(304.2K) + (0.20)(191. IK) 

= 165.6 K 

Kv,m ~ y i Pgr J “ J02^cr,02 + +3 7 N2^cr,N2 + JC02^cr,C02 + 3 7 CH4^ > cr,CH4 

= (0.30)(5.08 MPa) + (0.40)(3.39MPa) + (0. 10)(7.39MPa) + (0.20)(4.64MPa) 

= 4.547 MPa 


and 


Tr = 


T, 


m 


T, 


cr ,m 


Pr = 


P. 


m 


P 


cr, m 


288 K 
165. 6K 

8 MPa 
4.547 MPa 


= 1.739 


= 1.759 


= 0.92 


m 


(Fig. A- 15) 


Then, 


. = = (0-92 )(Q. 2927 kPa-rn /kg K)(288 K) = aoo%94 m3/kg 


P 


8000 kPa 


C> = 0.001 005m 3 /s 

. 0 0.001005 m 3 /s 

m — — = — 


</ 0. 009694 m"/kg 


= 0.1037kg/s 
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13-43E The mole numbers, temperatures, and pressures of two gases forming a mixture are given. For a specified final 
temperature, the pressure of the mixture is to be determined using two methods. 

Properties The critical properties of Ar are T cr = 272 R and P cr = 705 psia. The critical properties of N 2 are T cr = 227.1 R 
and P cr = 492 psia (Table A- IE). 

Analysis (a) Under specified conditions both Ar and N 2 will considerably deviate from the ideal gas behavior. Treating the 
mixture as an ideal gas, 


Initial state : 
Final state : 


m = Awi i 

m 2 = n 2 rj 2 J 



n i T 2 p __ (4X360 R) 
N{T X 1 (1X400 R) ^ 


psia) = 2700 psia 


( b ) Initially, 


Tr = 


Pr = 


P 


T, 


cr,Ar 

P 


400 R 
272 R 

750 psia 


= 1.47 


P a ,Ar 705 P sia 


= 1.07 


=0.90 (Fig. A- 15) 


Then the volume of the tank is 



(/ = 


ZN Ay R li T (0.90)(1 lbmol)(10.73 psia • ft 3 /lbmol- R)(400 R) ^ ^ ^ 3 

= = 5.15 ft 

P 750 psia 


After mixing, 


T 


R, Ar 


P 


T m 360 R 
m - = = 1.324 


cr, Ar 


272 R 


Ar: 


(/ 


c/ 


Ar 


I'm /N 


Ar 


R, Ar 


J? T IP 

lv u ± cr,Ar ' 1 cr,Ar 


R T IP 

cr,Ar ' 1 cr,Ar 


(5. 15 ft J )/(l lbmol) 


(10.73 psia- ft 71bmol-R)(272 R)/(705 psia) 


= 1.244 


P R = 0.82 (Fig.A-15) 


T 


T, 


m 


360 R 


R, N 


Per, N 2 227 1 R 


= 1.585 


N ? : c/ 


c/ 


N- 


Vfn / ^N- 


R, N 


Per, N 2 ^ Per, N 2 


PuPcr,N 2 / Per, N 2 


P R = 3.85 


(5.15 ft 3 )/(3 lbmol) 


(10.73 psia • ft 3 /lbmol- R)(227. 1 R)/(492 psia) 


= 0.347 


(Fig. A- 15) 


Thus, 

P A r = (PrPct)a r = (0.82)(705 psia) = 578 psia 
P N ^ = (PrP cy )n 2 - (3.85)(492 psia) = 1894 psia 

and 

P m = Pat +Pn 2 =578 psia + 1894 psia = 2472 psia 
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13-44C Yes. Yes (extensive property). 


13-45C No (intensive property). 


13-46C The answers are the same for entropy. 


13-47C Yes. Yes (conservation of energy). 


13-48C We have to use the partial pressure. 


13-49C No, this is an approximate approach. It assumes a component behaves as if it existed alone at the mixture 
temperature and pressure (i.e., it disregards the influence of dissimilar molecules on each other.) 
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13-50 The volume fractions of components of a gas mixture are given. This mixture is heated while flowing through a tube 
at constant pressure. The heat transfer to the mixture per unit mass of the mixture is to be determined. 

Assumptions All gases will be modeled as ideal gases with constant specific heats. 

Properties The molar masses of 0 2 , N 2 , C0 2 , and CH 4 are 32.0, 28.0, 44.0, and 16.0 kg/kmol, respectively (Table A-l). The 
constant-pressure specific heats of these gases at room temperature are 0.918, 1.039, 0.846, and 2.2537 kJ/kg-K, 
respectively (Table A-2a). 

Analysis We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 
component are 

m 0 2 = N 01 M 02 = (30 kmol)(32 kg/kmol) = 960 kg 
m N2 = N N2 M N2 = (40 kmol)(28 kg/kmol) = 1 120 kg 
772 c 02 = ^co 2 ^co 2 = (10 kmol)(44 kg/kmol) = 440 kg 
772 ch 4 - cm = (20 kmol)( 16 kg/kmol) = 320 kg 

The total mass is 

m tn = m Q2 + m N2 + m C02 + m CH4 

= 960 + 1120 + 440 + 320 
= 2840 kg 

Then the mass fractions are 


mf 02 

_ m 02 _ 

-- 960 kg -0.3380 

m m 

2840 kg 

mf N2 

_ m m _ 

= 1 120 kg = 0.3944 

772 m 

2840 kg 

m ^C02 

_ m C02 

= 44 ° kg = 0.1549 

m m 

2840 kg 

mf C H4 

_ m cm 

= 32 ° kg =0.1127 

m rn 

2840 kg 


The constant-pressure specific heat of the mixture is determined from 

c p = m ^02 c p,02 +m fN2 c /?,N2 + mf C02 c p, C02 + m fcH4 c /?,CH4 

= 0.3380x0.918 + 0.3944x1.039 + 0.1549x0.846 + 0.1127x2.2537 
= 1. 1051kJ/kg- K 

An energy balance on the tube gives 

q in = c p (T 2 - T x ) = (1 . 105 1 kJ/kg • K)(200 - 20) K = 1 99 k J/kg 
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13-51 Oxygen, nitrogen, and argon gases are supplied from separate tanks at different temperatures to form a mixture. The 
total entropy change for the mixing process is to be determined. 

Assumptions Under specified conditions all N 2 , 0 2 , and argon can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 

Properties The molar masses of 0 2 N 2 , and Ar are 32.0, 28.0, and 40.0 kg/kmol, respectively (TableA-1). The properties of 
Argon are R = 0.208 1 kJ/kg.K and c p = 0.5203 kJ/kg.K (Table A-2). 

Analysis Note that volume fractions are equal to mole fractions in ideal gas 
mixtures. The partial pressures in the mixture are 

Po 2 ,2 = Jo Pm = (0.21X200 kPa) = 42kPa 

^n 2 ,2 = Jn P m = (0.78X200 kPa) = 156 kPa 

Pm ,2 = Ja rP,n = (0.01)(200 kPa) = 2kPa 

The molar mass of the mixture is determined to be 

M m ~ >’0 2 ^0 2 + 3 7 N 2 ^N 2 + y Ar ^ Ar 

= (0.21)(32 kg/kmol) + (0.78)(28) + (0.01)(40) = 28.96 kg/kmol 
The mass fractions are 

M 


0 2 

10°C 

N 2 

60°C 

Ar 

200°C 


21% 0 2 
78% N 2 
21% Ar 

200 kPa 


mf 0o = y 0 . 




mf Ar = y Ar 


M 

M 


o, = 32 kg/tniol =ft2320 


m 


28. 96 kg/kmol 


M 


"• =( 0 . 78 ) = 0,7541 


m 


28.96 kg/kmol 


M "=( 0 . 01 ) 40t 8 /km ° 1 = 0.0138 


M 


m 


28. 96 kg/kmol 


The final temperature of the mixture is needed. The conservation of energy on a unit mass basis for steady flow mixing with 
no heat transfer or work allows calculation of mixture temperature. All components of the exit mixture have the same 
common temperature, T m . We obtain the properties of 0 2 and N 2 from EES: 


^in ^ out 


m fo 2 ^@10°C + m ^N 2 60°C + m ^Av C p,Ar^Ar,l ~ m ^0 2 ^@T m + m ^N 2 ^@ T m + Ar C p,Ai^m 

(0.2320X-13.85) + (0.754 1)(36.47) + (0.0138)(0.5203)(200) = (0.2320)/^ T + (0.7541)/r @ T 

+ (0.0138)(0.5203)r m 

Solving this equation in EES we find T m = 50.4°C. The entropies of 0 2 and N 2 are obtained from EES to be 

r = 10°C, P = 200 kPa >s 0il = 6.1797 kJ/kg.K 

_>^ 0 2 = 6.7082 kJ/kg.K 


r = 50.4°C, P = 42 kPa 
T = 60°C, P = 200 kPa- 


+ s N 2>1 =6.7461 kJ/kg.K 
->^ N 2 =6.7893 kJ/kg.K 


P = 50.4°C, P = 156 kPa— 

The entropy changes are 

A^o 2 =5q 7 , 2 -^o 2 ,i =6.7082-6.1797 = 0.5284 kg/kg. K 
As n =s n??2 -j n 4 =6.7893 -6.7461 = 0.04321 kg/kg.K 


A s M = c „ In 


T, 


p 


r, 


p 2 f 

R In — = (0.5203) In 

P 


50.4 + 273 
200 + 273 


A 


-(0.2081) In 


200 


= 0.7605 kJ/kg.K 


The total entropy change is 


As =mf 0 As 0 +mf 0o 


+ mf a. Av 


total _AAAA 0 2 ^0 2 ^ aaaa 0 2 ^ o 0 2 AA u Ar Ar 

= (0.2320X0.5284) + (0.754 1)(0.04321) + (0.0138)(0.7605) = 0.1 656kJ/kg.K 
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13-52E A mixture of helium and nitrogen is heated at constant pressure in a closed system. The work produced is to be 
determined. 

Assumptions 1 Helium and nitrogen are ideal gases. 2 The process is reversible. 

Properties The mole numbers of helium and nitrogen are 4.0 and 28.0 lbm/lbmol, respectively (Table A-1E). 

Analysis One lbm of this mixture consists of 0.35 lbm of nitrogen and 0.65 lbm of helium or 0.35 lbm/(28.0 lbm/lbmol) = 
0.0125 lbmol of nitrogen and 0.65 lbm/(4.0 lbm/lbmol) = 0.1625 lbmol of helium. The total mole is 0.0125+0.1625=0.175 
lbmol. The constituent mole fraction are then 


A^= 0.0125 lbmol = QQ7143 
A total 0.1 75 lbmol 

N total 0.175 lbmol 

The effective molecular weight of this mixture is 

M = ym^m + y He M Re 

= (0.07143)(28) + (0.9286)(4) 

= 5.714 lbm/lbmol 


35% N 2 
65% He 
(by mass) 
lOOpsia, 100°F 


Q 


The work done is determined from 


2 

w = j* Pdv = P 2 (/ 2 ~P\V\ = R(T 2 ~T\) 
i 


= Ru_ (r t 1-9858 Btu/lbmol-R 
M 2 1 5.714 lbm/lbmol 

= 139.0Btu/lbm 


(500-100)R 
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13-53 The volumetric fractions of the constituents of a mixture are given. The makeup of the mixture on a mass basis and 
the enthalpy change per unit mass of mixture during a process are to be determined. 

Assumptions Under specified conditions all N 2 , 0 2 , and C0 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 

Properties The molar masses of C0 2 0 2 and N 2 are 44.0, 32.0, and 28.0 kg/kmol, respectively (Table A-l). 

Analysis Noting that volume fractions are equal to mole fractions in ideal gas mixtures, the molar mass of the mixture is 
determined to be 

M m =.Vco 2 m co 2 +yo 2 M o 2 +.Vn 2 m n 2 = (0.20)(44 kg/kmol )+(0. 10)(32) + (0.70)(28) = 31.60 kg/kmol 


The mass fractions are 


mf 

mf 

mf 


M 


co 


CO, - .VCO, ~T7 

2 M 


m 


M 


o- 


° 2 ^°2 M 

M 


m 


N- 


N 2 - ?N 2 


m 


— = (0.20) 44t8/tmo1 =0.2785 
3 1.60 kg/kmol 

(0,10) 32 kg/kmol =01013 
3 1.60 kg/kmol 

28 kg/kmol = 0>6203 
3 1.60 kg/kmol 


70% N 2 
10% 0 2 
20% C0 2 

T x = 300 K 
r 2 =500K 


The enthalpy change of each gas and the enthalpy change of the mixture are (from Tables A- 18-20) 

500K “ 300K (17,678 - 943 1) kJ/kmol 


A h 


co. 


AV _ 




M 


co. 


44 kg/kmol 


^@500K ^@300K (14,770 -8736) kJ/kmol 


M 


o- 


32 kg/kmol 


^@500K ^@300K (14,581 -8723) kJ/kmol 


M 


N- 


28 kg/kmol 


= 1 87.43 kJ/kg 


= 1 88.56 kJ/kg 


= 209.21 kJ/kg 


A h,n = mf C o 2 A/z C o 2 + mf 02 A/r 02 +mf N2 A/r N2 

= (0.2785)(187.43) + (0. 101 3)(1 88.56) + (0.6203)(209.21) 

= 201.1kJ/kg 
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13-54 The temperatures and pressures of two gases forming a mixture are given. The final mixture temperature and pressure 
are to be determined. 

Assumptions 1 Under specified conditions both Ne and Ar can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 There are no other forms of work involved. 


Properties The molar masses and specific heats of Ne and Ar are 20.18 kg/kmol, 39.95 kg/kmol, 0.6179 kJ/kg.°C, and 
0.3122 kJ/kg.°C, respectively. (Tables A-l and A-2). 


Analysis The mole number of each gas is 


-^Ne “ 


m 

V^, N e 


V R U T l J 


Ar 


(100 kPa)(0.45 m 3 ) 

(8.314 kPa • m 3 /kmol • K)(293 K) 

(200 kPa)(0.45 m 3 ) 

(8.314 kPa • m 3 /kmol • K)(323 K) 


0.0185 kmol 
0.0335 kmol 


Thus, 

N m = N Ne +N m = 0.0185 kmol + 0.0335 kmol = 0.0520 kmol 


Ne 

Ar 

100 kPa 

200 kPa 

20°C 

50°C 

_A 


\ 


15 kJ 


(a) We take both gases as the system. No work or mass crosses the system boundary, therefore this is a closed system with 
W = 0. Then the conservation of energy equation for this closed system reduces to 

^in — ^out = A^system 

- 0ou, = AU = AU Ne + AU m » - Q out = [mc v (T m - 7, )] Ne + [mc v (T m - 7, )] Ar 

Using values at room temperature and noting that m = NM , the final temperature of the mixture is determined to be 

-15 kJ = (0.0185x20. 18 kgX0.6179kJ/kg-°cX r ffl -20°C) 

+ (0.0335x39.95 kgX0.3122kJ/kg-°cXr ni -50°C) 

T m =16.2°C (289.2 K) 

( b ) The final pressure in the tank is determined from 

p _ N m R u T m (0-052 kmol)(8.3 14 kPa • m 3 /kmol ■ K)(289,2 K) ^ 

Wl t r „ „ 3 


V 


m 


0.9 m 
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13-55 The temperatures and pressures of two gases forming a mixture are given. The final mixture temperature and pressure 
are to be determined. 

Assumptions 1 Under specified conditions both Ne and Ar can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 There are no other forms of work involved. 


Properties The molar masses and specific heats of Ne and Ar are 20.18 kg/kmol, 39.95 kg/kmol, 0.6179 kJ/kg.°C, and 
0.3122 kJ/kg.°C, respectively. (Tables A-l and A-2b). 

Analysis The mole number of each gas is 


-^Ne “ 




K R u T lJ Ne 




(100 kPa)(0.45 nv 3 ) 


V R U T 1 J 


Ar 


(8.3 14 kPa • m/kmol • K)(293 K) 

(200 kPa)(0.45 m 3 ) 

(8.314 kPa • m 3 /kmol • K)(323 K) 


= 0.0185 kmol 

Ne 

Ar 


100 kPa 

200 kPa 

= 0.0335 kmol 

20°C 

50°C 

_A 


Thus, 


8 kJ 


N m = N Nq + N m = 0.0185 kmol + 0.0335 kmol = 0.0520 kmol 


(a) We take both gases as the system. No work or mass crosses the system boundary, therefore this is a closed system with 
W = 0. Then the conservation of energy equation for this closed system reduces to 

F - F = A F 

in -^out system 

-Gout = AC/=AC/ Ne +AC/ Ar 
- !2out = [ mC v ( T m ~ T \ )] N e + ( i T m ~ T \ )L 

Using c„ values at room temperature and noting that m = NM , the final temperature of the mixture is determined to be 

-8 kJ = (0.0185x20.18 kg)(0.6179 kJ/kg-°C \T m -20°C) 

+ (0.0335 x 39.95 kg)(0. 3 122 kJ/kg • °Cfr m - 50°C) 

T m = 27.0°C (300.0 K) 

( b ) The final pressure in the tank is determined from 


p _ N m R u T m 


m 


V, 


m 


(0.052 kmol)(8.314 kPa - m7kmol- K)(300.0 K) 

0.9 m 3 


= 144.1 kPa 
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13-56 The mass fractions of components of a gas mixture are given. This mixture is enclosed in a rigid, well-insulated 
vessel, and a paddle wheel in the vessel is turned until specified amount of work have been done on the mixture. The 
mixture’s final pressure and temperature are to be determined. 

Assumptions All gases will be modeled as ideal gases with constant specific heats. 

Properties The molar masses of N 2 , He, CH 4 , and C 2 H 6 are 28.0, 4.0, 16.0, and 30.0 kg/kmol, respectively (Table A-l). The 
constant-pressure specific heats of these gases at room temperature are 1.039, 5.1926, 2.2537, and 1.7662 kJ/kg-K, 
respectively (Table A-2a). 

Analysis We consider 100 kg of this mixture. The mole numbers of each component are 


N m = — = 0.5357 kmol 

M N2 28 kg/kmol 

N u = ^ — = 1.25 kmol 

M He 4 kg/kmol 

N cm = -'^gL = 60kg = 3.75 kmol 
M CR4 16 kg/kmol 

A C2H6 = mC2 ~ = 20 kg — = 0.6667 kmol 

M C2H6 30 kg/kmol 

The mole number of the mixture is 



N m = N m + /V He + /V CH4 + N cm6 = 0.5357 + 1 .25 + 3.75 + 0.6667 = 6.2024 kmol 
The apparent molecular weight of the mixture is 


M 


m 




100 kg 
6. 2024 kmol 


= 16. 12 kg/kmol 


The constant-pressure specific heat of the mixture is determined from 

c p = mf N2 c /? N2 +mf HQ c p He +mf CH4 c /? CH4 +mf C2H6 c pjC2H6 
= 0.15x1 .039 + 0.05 x 5. 1 926 + 0.60 x 2.2537 + 0.20 x 1 .7662 
= 2.121kJ/kg-K 


The apparent gas constant of the mixture is 

8.134kJ/kmol-K 


R u 

R = — 


= 0.5 158 kJ/kg-K 


M m 16. 12 kg/kmol 

Then the constant- volume specific heat is 

c v =c p -R = 2.121- -0.5 158 = 1.605 kJ/kg-K 


The mass in the container is 


m m = 


py m 


(150 kPa)(4 m J ) 


RT\ (0.5158 kPa-m 3 /kg-K)(303 K) 
An energy balance on the system gives 


= 3.840 kg 


Wshin = m m C JT 2 -T x ) 


^shan 

= T ] _| — _ (303 K) + 


200 kJ 


m tn c v 


(3.840 kg)(l. 605 kJ/kg-K) 


= 335.4K 


Since the volume remains constant and this is an ideal gas, 
P 2 = Pj — = (150 kPa) 


T 2 n co , ^ 335AK = 1 66>1kPa 




303 K 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



13-31 


13-57 The states of two gases contained in two tanks are given. The gases are allowed to mix to form a homogeneous 
mixture. The final pressure, the heat transfer, and the entropy generated are to be determined. 

Assumptions 1 Under specified conditions both 0 2 and N 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 The tank containing oxygen is insulated. 3 There are no other forms of work involved. 

Properties The constant volume specific heats of 0 2 and N 2 are 0.658 kJ/kg.°C and 0.743 kJ/kg.°C, respectively. (Table A- 

2). 


Analysis (a) The volume of the 0 2 tank and mass of the nitrogen are 


Also, 


+C>, = 


W N, = 


r mRT\ ' 

v^T j 


r m 


(1 kg)(0.2598 kPa-m /kg-K)(288 K) Q ^ ^ 


O- 




300 kPa 


(500 kPa)(2 m 3 ) 


(0.2968 kPa • m /kg • K)(323 K) 
^totai = ^ip 2 +^i,n 2 =0-25 m 3 + 2.0 m 3 = 2.25 m 3 


= 10.43 kg 


0 2 


n 2 

1 kg 

A 

2 m 3 

15°C 

50°C 

300 kPa 


,500 kPa 


Q 


m 


o 


- 1 kg 


m 


-> N 0 _ - 


o 


lkg 


M 0 32 kg/km ol 


= 0.03125 kmol 


m N = 10.43 kg 


'2 

m 


*N N. = 


N- 


10.43 kg 


M N 28 kg/kmol 


= 0.3725 kmol 


N m =N n + /Vr> = 0.3725 kmol + 0.03 125 kmol = 0.40375 kmol 


o 


Thus, 


P = 

m 


NRJ 

V 


\ 


(0.40375 kmol)(8.3 14 kPa • m 3 /kmol - K)(298 K) 


= 444.6 kPa 


m 


2.25 m 


( b ) We take both gases as the system. No work or mass crosses the system boundary, and thus this is a closed system with 
W = 0. Taking the direction of heat transfer to be from the system (will be verified), the energy balance for this closed 
system reduces to 

F - F = A F 

^in -^out z - v/ ^system 

- <2out = AU = AU 0i + A U Ni > Q out = [rnc v + - T m )] 0 ^ + [mc„ + - T m )] Nz 

Using c v values at room temperature (Table A-2), the heat transfer is determined to be 

0out=( 1 kgXo.658 kJ/kg-°cXl5-25)°C + (10.43 kgXo.743 kJ/kg • +((50 - 25^0 
= 187.2 kj (fro m the system) 

(c) For and extended system that involves the tanks and their immediate surroundings such that the boundary temperature is 
the surroundings temperature, the entropy balance can be expressed as 

= m(s 2 ~s j) 

= m(s 2 -s i) + - — 

1 surr 


C. _ C c 
‘-'in ‘-'out 1 ‘“'gen 


Q 


out 


+ S, 


j gen 

1 b, sun- 


gen 
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The mole fraction of each gas is 


N Qi 0.03125 n 

y n = = = 0.077 

2 AL 0.40375 




m 


iV , 03Z25_ = 


m 


0.40375 


Thus, 


( s 2 s l)o, ~ 


r T 2 

c In — 

V P T, 


Rln 


yP, 


m, 2 


P 


O- 


298 K (0.077V444.6 kPa) 

= (0.918 kJ/kg • K) In (0.2598 kJ/kg • K) In - A ' 


288 K 


300 kPa 


= 0.5952 kJ/kg -K 


( s 2 ~ 


r t 2 yP m 2 N 

c p ln--R\n — — 


v 


r, 


p 


7n- 


298 K (0.923)(444.6 kPa) 

= (1 .039 kJ/kg • K) In (0.2968 kJ/kg • K) In - A ' 


323 K 


500 kPa 


= -0.0251 kJ/kg -K 


Substituting, 

1 0^7 TIT 

S g en = (l kg)(0.5952 kJ/kg- K)+ (10.43 kg)(- 0.0251 kJ/kg- K)+ — = 0.962 kJ/K 

298 K 
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13-58 Problem 13-57 is reconsidered. The results obtained assuming ideal gas behavior with constant specific heats 

at the average temperature, and using real gas data obtained from EES by assuming variable specific heats over the 
temperature range are to be compared. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data:" 

T_02[1] =15 [C]; 

T[2] =25 [C]; 
mJD2 = 1 [kg]; 

V N2[1]=2 [m A 3]; 
R_u=8.314 [kJ/kmol-K]; 
MMJ\l2=molarmass(N2); 


T N2[1] =50 [C] 

T o = 25 [C] 

P 02[1]=300 [kPa] 

P N2[1]=500 [kPa] 

MM_02=molarmass(02) 

P_02[1]*V_02[1]=m_02*R_u/MM_02*(T_02[1]+273) 


P N2[1]*V_N2[1]=m_N2*R_u/MM_N2*(T_N2[1]+273) 

V Jotal=VJD2[1 ]+V_N2[1 ]; N JD2=m JD2/MM_02 

N N2=m_N2/MM_N2; |NMotal=NJD2+N_N2 

P[2]*V_total=Njotal*R_u*(T[2]+273); PJ=inal =P[2] 
"Conservation of energy for the combined system:" 

EJn - E_out = DELTAE_sys 
EJn = 0 [kJ] 

E out = Q 


DELTAE_sys=m_02*(intenergy(02,T=T[2]) - intenergy(02,T=T_02[1])) + mJ42*(intenergy(N2 ,T=T[2]) - 
intenergy(N2,T=T_N2[1])) 

P_02[2]=P[2]*N_02/N total 
P N2[2]=P[2]*N N2/N_total 
"Entropy generation:" 

- Q/(T_o+273) + S_gen = DELTAS_02 + DELTAS N 2 

DELTAS_02 = rn_02*(entropy(02 ,T=T[2],P=P_02[2]) - entropy(02,T=T_02[1],P=P_02[1])) 

DELTAS N 2 = m_N2*(entropy(N2,T=T[2],P=PJ42[2]) - entropy(N2,T=T_N2[1],P=P_N2[1])) 

"Constant Property (ConstP) Solution:" 

-Q_ConstP=m_02*Cv_02*(T[2]-T_02[1])+m_N2*Cv_N2*(T[2]-T N2[1]) 

T av_02 =(T[2]+T 02[1])/2 

Cv_02 = SPECHEAT (02, T =T av_02) - R_u/MM_02 
Tav_N2 =(T[2]+T_N2[1])/2 

Cv_N2 = SPECHEAT(N2,T=Tav_N2) - R_u/MMJ42 

- Q_ConstP/(T_o+273) + S_gen_ConstP = DELTAS_02_ConstP + DELTAS_N2_ConstP 
DELTAS_02_ConstP = mJD2*( SPECHEAT(02,T=Tav_02)*LN((T[2]+273)/(TJD2[1]+273))- 
R_u/MM_02*LN(P_02[2]/P_02[1 ])) 

DELTAS N2_ConstP = m_N2*( SPECHEAT(N2 J^avJ^TNaTp^Syfrj^p^S^- 
R^/MM N2*LN(P_N2[2]/P_N2[1])) 


Cv_O2=0.6627 [kJ/kg-K] DELTAE_sys=-1 87.7 [kJ] 

DELTAS_J\l2_ConstP=-0.2625 [kJ/K] 
DELTAS_O2_ConstP=0.594 [kJ/K] 

E_out=187.7 [kJ] 

MM_02=32 [kg/kmol] mj\l2=1 0.43 [kg] 

N 142=0.3724 [kmol] N_02=0.031 25 [kmol] 

P_Final=444.6 [kPa] 


SOLUTION 

Cv_N2=0.7454 [kJ/kg-K] 
DELTAS_N2=-0.262 [kJ/K] 
DELTAS_O2=0.594 [kJ/K] 
E_in=0 [kJ] 

MM_I42=28.01 [kg/kmol] 
m_02=1 [kg] 
N_total=0.4036 [kmol] 
P_N2[1]=500 [kPa] 
P_02[2]=34.42 [kPa] 
R_u=8.314 [kJ/kmol-K] 
Tav_N2=37.5 [C] 
T„N2[1]=50 [C] 

\M42[1]=2 [m A 3] 


P[2]=444.6 [kPa] 
P_N2[2]=41 0.1 [kPa] 
Q=1 87.7 [kJ] 
S_gen=0.962 [kJ] 

T av_O2=20 [C] 
T_o=25 [C] 

V_O2[1]=0.2494 [m A 3] 


P_02[1]=300 [kPa] 
Q_ConstP=187.8 [kJ] 
S_gen_ConstP=0.9616 [kJ] 
T[2]=25 [C] 

T_02[1]=15 [C] 
V_total=2.249 [m A 3/kg] 
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13-59 The mass fractions of components of a gas mixture are given. This mixture is compressed in a reversible, isothermal, 
steady-flow compressor. The work and heat transfer for this compression per unit mass of the mixture are to be determined. 

Assumptions All gases will be modeled as ideal gases with constant specific heats. 

Properties The molar masses of CH 4 , C 3 H 8 , and C 4 H 10 are 16.0, 44.0, and 58.0 kg/kmol, respectively (Table A-l). 

Analysis The mole numbers of each component are 


-^CH4 

^C3H8 

-^C4H10 


m CH4 _ 

Mem 

m C3H8 . 
-^C3H8 
m C4H10 
-^C4H10 


60 kg 

16 kg/kmol 
25 kg 

44 kg/kmol 
15 kg 

58 kg/kmol 


3.75 kmol 
= 0.5682 kmol 
= 0.2586 kmol 


The mole number of the mixture is 


N m - ^ Cm + ^C3H8 + ^C4H10 

= 3.75 + 0.5682 + 0.2586 = 4.5768 kmol 


The apparent molecular weight of the mixture is 





— — = 21.85 kg/kmol 
4.5768 kmol 


The apparent gas constant of the mixture is 


R = 


R. 


M 


m 


8.314kJ/kmol-K 
21.85 kg/kmol 


= 0.3805 kJ/kg-K 


1 MPa 



20°C 


For a reversible, isothermal process, the work input is 



( P 2^ 

( 

RT In 


= (0.3805 kJ/kg • K)(293 K)ln 


K P l ) 

V 


1000 kPa 
100 kPa 


\ 

/ 


= 257kJ/kg 


An energy balance on the control volume gives 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 77 ™ (steady) 

LACj system 

v. j 

V 

Rate of changein internal, kinetic, 
potential, etc. energies 




m h \ +W in = mh 2 + Q oul 


W iD "Gout = m(h 2 ~hi) 
Win-q oM =c p {T 2 -Ti)=0 since r 2 =Jj 

w in = <7out 


That is, 

Rom =w in =257kJ/kg 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



13-35 


13-60 An equimolar mixture of helium and argon gases expands in a turbine. The isentropic work output of the turbine is to 
be determined. 


Assumptions 1 Under specified conditions both He and Ar can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 The turbine is insulated and thus there is no heat transfer. 3 This is a steady-flow process. 4 The kinetic and 
potential energy changes are negligible. 


Properties The molar masses and specific heats of He and Ar are 4.0 kg/kmol, 40.0 kg/kmol, 5.1926 kJ/kg.°C, and 0.5203 
kJ/kg.°C, respectively. (Table A-l and Table A-2). 


Analysis The C p and k values of this equimolar mixture are determined from 

M m = J J y i M i =3 7 He M He + y Ar M Ar = 0.5x4 + 0.5x40 = 22 kg/kmol 


mf. = 

i 


m . N M . y.M. 

i_ _ i i _ J i i 

m N M M 
m m m m 


c 


p,m 


Xmf.c . 
i PI 


^He M He 


M 


m 


, - y Ar M Ar „ 

C T T “t - 6 * 

P, He M p, Ar 

m 


= 0.5x4 tg/kmol (5 192( . kJ/kg K)+ 0.5x40 tgftn,ol (0 5203 kJ/kg . r) 
22 kg/kmol 22 kg/kmol 

= 0.945 kJ/kg -K 


2.5 MPa 
1300 K 



and 


k m = 1.667 since k = 1.667 for both gases. 

Therefore, the He-Ar mixture can be treated as a single ideal gas with the properties above. For isentropic processes, 


r 2 =7i 


f p ^ 

K P i J 


(k-\)/k 


= (1300 K 


200 kPa 
2500 kPa 


x0. 667/1.60 


= 473.2 K 


From an energy balance on the turbine, 


_ 77 _ a 77 <^0 (steady) _ q 

in ^out system w 

^in = ^out 
h l = h 2 +w out 
^out = h \ ~ h 2 

w out = C p ( 7 ^ - T 2 ) = (0.945 kJ/kg • K)(1300 - 473. 2)K = 781.3 kJ/kg 
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13-61E The volume fractions of components of a gas mixture passing through the turbine of a simple ideal Brayton cycle are 
given. The thermal efficiency of this cycle is to be determined. 

Assumptions All gases will be modeled as ideal gases with constant specific heats. 

Properties The molar masses of N 2 , 0 2 , H 2 0, and C0 2 are 28.0, 32.0, 18.0, and 44.0 lbm/lbmol, respectively (Table A-1E). 
The constant-pressure specific heats of these gases at room temperature are 0.248, 0.219, 0.445, and 0.203 Btu/lbm-R, 
respectively. The air properties at room temperature are c p = 0.240 Btu/lbm-R, c v = 0.171 Btu/lbm-R, k = 1.4 (Table A-2Ea). 

Analysis We consider 100 lbmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 
component are 


m N2 = /V N2 M N 2 - (20 lbmol)(28 lbm/lbmol)= 560 lbm 
m Q 2 = Nq 2 M 02 = (5 lbmol)(321bm/lbmol)= 160 lbm 
m H 20 = ^mo^mo = (25 lbmol)(l 8 lbm/lbmol) = 630 lbm 
m c 02 = N 002^ C 02 = (40 lbmol)(441bm/lbmol)= 1760 lbm 

The total mass is 

m m = m N2 + m 02 + m H20 + m c 02 

= 560 + 160 + 630 + 1760 
= 31 10 lbm 

Then the mass fractions are 


20% N 2 , 5% 0 2 
35% H 2 0, 40% C0 2 
(by volume) 



mf N2 

mf 0 2 

m ^H20 

mf C0 2 


m 


N2 


m 


m 


m 


02 


m 


m 


m 


H20 


m 


m 


560 lbm 
31 10 lbm ~ 
160 lbm 
31 10 lbm ~ 
630 lbm 
"31 10 lbm 


0.1801 
0.05145 
= 0.2026 


m 


C02 


m 


m 


1760 lbm =0.5659 
31 10 lbm 


The constant-pressure specific heat of the mixture is determined from 



C P - mf N2 C /? N2 + ^02 c p,02 + m ^H20^/? ,H20 + m fc02 c /?,C02 

= 0.1801 x 0.248 + 0.05145 x 0.219 + 0.2026 x 0.445 + 0.5659 x 0.203 
= 0.2610 Btu/lbm-R 


The apparent molecular weight of the mixture is 

m m 31101bm inil . 

= -^- = = 31. 10 lbm/lbmol 

N m 100 lbmol 


The apparent gas constant of the mixture is 


R = 


R, 


M 


m 


1.9858 Btu/lbmol- R 
31. 10 lbm/lbmol 


= 0.06385 Btu/lbm-R 


Then the constant- volume specific heat is 

Ci/ = Cp -R = 0.2610 -0.06385 = 0.1971 Btu/lbm-R 


The specific heat ratio is 


k = 



c 


V 


0.2610 

0.1971 


1.324 


The average of the air properties at room temperature and combustion gas properties are 
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c p ,avg = 0.5(0.2610 + 0.240) = 0.2505 Btu/lbm- R 
Cv,avg = 0.5(0.1971 + 0.171) = 0.1841 Btu/lbm- R 
k avg =0.5(1.324 + 1.4) = 1.362 


These average properties will be used for heat addition and rejection processes. For compression, the air properties at room 
temperature and during expansion, the mixture properties will be used. During the compression process, 


r 2 =7j 


Pn 


\ 


\ p i j 


(k-l)/k 


= (500R)(6)°' 4/1 ' 4 = 834.3R 


During the heat addition process, 

q in = c pavg (T 3 -r 2 ) = ( 0.2505 Btu/lbm- R)(1860- 834.3) R = 256.9 Btu/lbm 


During the expansion process, 


t 4 =t 3 


_2 

V P 3 7 


= (1860 R) 


s J N 0.362/1.30 




= 1155.3 R 


During the heat rejection process, 

4out = c Aavg ( r 4 - ) = (0.2505 Btu/lbm- R)(l 155.3 - 500) R = 164.2 Btu/lbm 

The thermal efficiency of the cycle is then 

164.2 Btu/lbm = ft36| = 361% 

256.9 Btu/lbm 


^=1 — +HI =1 
<7in 
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13-62E The thermal efficiency of the cycle in the previous problem is to be compared to that predicted by air standard 
analysis? 

Assumptions Air-standard assumptions are applicable. 


Properties The air properties at room temperature are c p = 0.240 Btu/lbm-R, c„= 0.171 Btu/lbm-R, k = 1.4 (Table A-2Ea). 


Analysis In the previous problem, the thermal efficiency of the cycle 
was determined to be 0.361 (36.1%). The thermal efficiency with air- 
standard model is determined from 


*7th =1 “ 


1 

,(*-!)/* 

P 


= 1 - 


1 

■0.4/ 1.4 


= 0.401 = 40 . 1 % 


which is greater than that calculated with gas mixture analysis in the 
previous problem. 
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13-63E The mass fractions of a natural gas mixture at a specified pressure and temperature trapped in a geological location 
are given. This natural gas is pumped to the surface. The work required is to be determined using Kay's rule and the 
enthalpy-departure method. 

Properties The molar masses of CH 4 and C 2 H 6 are 16.0 and 30.0 lbm/lbmol, respectively. The critical properties are 343.9 
R, 673 psia for CH 4 and 549.8 R and 708 psia for C 2 H 6 (Table A- IE). The constant-pressure specific heats of these gases at 
room temperature are 0.532 and 0.427 Btu/lbm-R, respectively (Table A-2Ea). 

Analysis We consider 100 lbm of this mixture. Then the mole numbers of each component are 


^CH4 - 
^C2H6 = 


m CH4 

-^CH4 

m C2H6 

-^C2H6 


75 lbm 


16 lbm/lbmol 
25 lbm 
30 lbm/lbmol 


= 4.6875 lbmol 


= 0.8333 lbmol 


The mole number of the mixture and the mole fractions are 
N m = 4.6875 + 0.8333 = 5.5208 lbmol 


y CH4 - 


y C2H6 - 


N cm = 4. 6875 lbmol = Q g49J 
N m 5.5208 lbmol 

^C 2 H 6 = 0-8333 lbmol = Q 15()9 
N m 5.5208 lbmol 


75% CH 4 
25% C 2 H 6 
(by mass) 
1300 psia 
300°F 


Then the apparent molecular weight of the mixture becomes 


M 


m 




100 lbm 
5.5208 lbmol 


18.11 lbm/lbmol 


The apparent gas constant of the mixture is 


R = 


R. 


M 


m 


1.9858 Btu/lbmol-R 
18. 11 lbm/lbmol 


= 0.1097 Btu/lbm-R 


The constant-pressure specific heat of the mixture is determined from 

c p = nif CH 4 c /? CH4 + Hif C 2 H 6 c /?,c 2 H 6 = 0-75 x 0-532 + 0.25 x 0.427 = 0.506 Btu/lbm- R 

To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo-critical pressure of the mixture using the 
critical point properties of gases. 

^cr ,m ~ yfl cr,/ = 3 ; CH4^cr,Ch4 + 3 ; C2H6^cr,C2H6 

= (0. 849 1 )(343 . 9 R) + (0. 1 509)(5 49. 8 R) 

= 375.0 R 

^cr ,m ~ 3 /^cr,/ — 3'Ch4^cr,Ch4 f C2H6^cr,C2H6 

= (0.8491)(673 psia) + (0. 1509)(708 psia) 

= 678.3 psia 


The compressibility factor of the gas mixture in the reservoir and the mass of this gas are 


T r 

Pr 


T, 


m 


T, 


cr,/7? 


P. 


m 


P 


cr,m 


760 R 
375. OR 


2.027 


1300 psia _ L91? 
678.3psia 



0.963 


(Fig. A- 15 or EES, we used EES.) 


= -^- = 4300^(2x10^3) = 5996xl()6lbm 

Z m RT (0.963X0.5925 psia • ft 3 /lbm - R)(760 R) 
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The enthalpy departure factors in the reservoir and the surface are (from EES or Fig. A-29, we used EES.) 


13-40 


7*i = 


Pri ~ 


T R2 - 


Pr2 ~ 


77 


760 R 


Ill 

T 

cr ,m 

-2 

375. OR 

P 

m 

1300 psia 

P 

cr ,m 

678.3psia 

T 

m 

660 R _ 

T 

cr ,m 

” 375. OR " 

P 

m 

20 psia 


= 1.917 


Z hl = 0.487 


P 


cr ,m 


678.3psia 


= 0.0295 


Z h2 =0.0112 


The enthalpy change for the ideal gas mixture is 

( h i ~ h 2 ) ideal = ^ p -r 2 ) = (0.506 Btu/lbm- R)(760-660)R = 50.6 Btu/lbm 


The enthalpy change with departure factors is 

h\ - h 2 = (h x - h 2 ) ideal - RT CY m (Z hl - Z h 2 ) 

= 50.6 - (0. 1096)(375)(0.487 - 0.01 12) 

= 3 1.02 Btu/lbm 

The work input is then 

W in = m(hf - h 2 ) = (5.996 x 10 6 lbm)(31.02 Btu/lbm) = 1 .86x 1 0 8 Btu 
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13-64E A gas mixture with known mass fractions is accelerated through a nozzle from a specified state to a specified 
pressure. For a specified isentropic efficiency, the exit temperature and the exit velocity of the mixture are to be determined. 


Assumptions 1 Under specified conditions both N 2 and C0 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 The nozzle is adiabatic and thus heat transfer is negligible. 3 This is a steady- flow process. 4 Potential energy 
changes are negligible. 


Properties The specific heats of N 2 and C0 2 are c /; N2 = 0.248 Btu/lbm.R, c uN2 = 0.177 Btu/lbm.R, c p CQ2 = 0.203 Btu/lbm.R, 
and c t/C02 = 0.158 Btu/lbm.R. (Table A-2E). 


Analysis (a) Under specified conditions both N 2 and C0 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. The c /? , c„ and k values of this mixture are determined from 


c P ,m ~ yi m ^i c pj ~ m ^N 2 C p ,n 2 +mf co 2 c P ,co 2 

- (0.65X0. 248)+ (0.35X0.203) 

= 0.2323 Btu/lbm-R 

C u,m ~ yi mf AT./ = m ^N 2 ^ v,N 2 + m fc0 2 C i/,C0 2 

= (0.65X0.177)+ (0.35X0. 158) 

= 0.1704 Btu/lbm-R 

c p ,m 0.2323 Btu/lbm-R 

k m — = = 1.363 

c wm 0.1704 Btu/lbm-R 


60 psia 
1400 R 




Therefore, the N 2 -C0 2 mixture can be treated as a single ideal gas with above properties. Then the isentropic exit 
temperature can be determined from 


t 2s =t x 


^ =(1400 

K p i) 


. x(). 363/1.36 


60 psia 

From the definition of isentropic efficiency, 


= 911.7 R 


Vn = 


h\ h 2 c p 


{Ti~T 2 ) 


h\ h 2 s c p(T\ T 2s ) 


+ 0.88 = 


1400 -T 2 
1400-911.7 


-> 73 = 970.3 R 


( b ) Noting that, q = w = 0, from the steady-flow energy balance relation, 

f _ f - A p <^0 (steady ) _ ^ 

^in ^out ZAi_ 'system u 

^in = ^out 


h x + V 2 12 = h 2 + V 2 I 2 


0 = cAt 2 -p) + 


2 ? <P0 

V 2 2 - Vf 


V 2 =j2c p (T l -T 2 ) = 


1 


2(0.2323 Btu/lbm- R)(l400 - 970.3) R 


' 25,037 ft 2 /s 2 ^ 
1 Btu/lbm 


= 2236 ft/s 
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13-65E ““ Problem 13-64E is reconsidered. The problem is first to be solved and then, for all other conditions being the 
same, the problem is to be resolved to determine the composition of the nitrogen and carbon dioxide that is required to have 
an exit velocity of 2200 ft/s at the nozzle exit. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 
mf_N2=0.65 
mf_C02=1-mf_N2 
PI =60 [psia] 

T1=1400 [R] 

Vel1=0 [ft/s] 

P2=12 [psia] 
etaj\l=0.88 
"Vel2=2200 [ft/s]" 

"Properties" 

c_pJM2=0.248 [Btu/lbm-R] 
c_v_N2=0.177 [Btu/lbm-R] 
c_p_C02=0.203 [Btu/lbm-R] 
c_v_CO2=0.158 [Btu/lbm-R] 

MM_N2=28 [Ibm/lbmol] 

MM_C02=44 [Ibm/lbmol] 

"Analysis" 

c_p_m=mf_N2*c_p_N2+mf_C02*c_p_C02 
c_v_m=mf N2*c_v_N2+mf_C02*c_v_C02 
k_m =c_p_m/c_v_m 
T2_s=T1 *(P2/P1 ) A ((k_m-1 )/k_m) 
etaJ\l=(T 1 -T2)/(T1 -T2_s) 

0=c_p_m*(T2-T1 )+(Vel2 A 2-Vel1 A 2)/2*Convert(ft A 2/s A 2, Btu/lbm) 

N_N 2 = m f_N 2/M M_N 2 

N_C02=mf_C02/MM_C02 

N_total=NJ\l2+N_C02 

y_N2=N_N2/N_total 

y_C02=N_C02/N_total 

SOLUTION of the stated problem 


c_p_C02=0.203 [Btu/lbm-R] 

c_p_m=0.2323 [Btu/lbm-R] 

c_p_N2=0.248 [Btu/lbm-R] 

c_v_CO2=0.158 [Btu/lbm-R] 

c_v_m=0.1704 [Btu/lbm-R] 

c_v_N2=0.177 [Btu/lbm-R] 

eta_N=0.88 

k_m= 1.363 

mf_CO2=0.35 

mf_N2=0.65 

MM_C02=44 [Ibm/lbmol] 

MM_N2=28 [Ibm/lbmol] 

N_CO2=0. 007955 

N_N2=0. 02321 

N_total=0.031 17 

PI =60 [psia] 

P2=12 [psia] 

Tl=1400 [R] 

T2=970.3 [R] 

T2_s=91 1.7 [R] 

Vell=0 [ft/s] 

Vel2=2236 [ft/s] 

y_CO2=0.2552 

y_N2=0.7448 

SOLUTION of the problem with exit velocity of 2200 ft/s 


c_p_C02=0.203 [Btu/lbm-R] 

c_p_m=0.2285 [Btu/lbm-R] 

c_p_N2=0.248 [Btu/lbm-R] 

c_v_CO2=0.158 [Btu/lbm-R] 

c_v_m=0.1688 [Btu/lbm-R] 

c_v_N2=0.177 [Btu/lbm-R] 

eta_N=0.88 

k_m= 1.354 

mf_CO2=0.434 

mf_N2=0.566 

MM_C02=44 [Ibm/lbmol] 

MM_N2=28 [Ibm/lbmol] 

N_CO2=0. 009863 

N_N2=0. 02022 

N_total=0. 03008 

PI =60 [psia] 

P2=12 [psia] 

Tl=1400 [R] 

T2=976.9 [R] 

T2_s=919.3 [R] 

Vell=0 [ft/s] 

Vel2=2200 [ft/s] 

y_CO2=0.3279 

y_N2=0.6721 
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13-66 A piston-cylinder device contains a gas mixture at a given state. Heat is transferred to the mixture. The amount of 
heat transfer and the entropy change of the mixture are to be determined. 

Assumptions 1 Under specified conditions both H 2 and N 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 Kinetic and potential energy changes are negligible. 

Properties The constant pressure specific heats of H 2 and N 2 at 450 K are 14.501 kJ/kg.K and 1.049 kJ/kg.K, respectively. 
(Table A-2b). 

Analysis (a) Noting that P 2 - P\ and (/> = 2 1/j, 


m 2 pm 


2t/, 




r, 


>T 2 = — L 7, = 27, = (2X300 K) = 600 K 


l A 


From the closed system energy balance relation, 


-^in ^out A ^system 


0.8 kg H 2 
1.2 kg N 2 
100 kPa 
300 K , 


Q 


Qi n-"W=At/ Q m =AH 

since W b and A U combine into AH for quasi-equilibrium constant pressure processes. 

Cin =AH=AH Hi +AH Ni = [me pmg {T 2 — 7", )J h + |mc p>avg (r 2 -7 ;)J n 

= (0.8 kgXl4.501 kJ/kg • K.X600 - 300 )K + (l.2 kgXl.049 kJ/kg • KX600 - 300 )K 

= 3858 kj 

( b ) Noting that the total mixture pressure, and thus the partial pressure of each gas, remains constant, the entropy change of 
the mixture during this process is 


A3'h 7 = [m{s 2 -sjjn, = 


m 


H- 


r T P 
c An-±-R\n^ 


p 


= (0.8 kg)(l4.501 kJ/kg • K)ln 


r, 


600 K 
300 K 


P, 


= m 


H- 


Jh- 


r T \ 

c In — 

P r r 

V L \J H- 


= 8.041 kJ/K 


ASm = [m(s 2 -s x )L = 


m 


N, mi, N 2 


T 

c „ In — - R In 


p 


r, 


h 

p 




= m 


N- 


c „ In 


p 


y N- 


h 

r, 


1 2n 


= (l.2 kg)(l.049 kJ/kg -K)ln 


600 K 
300 K 


= 0.8725 kJ/K 


A ^totai= A ^H + AS n =8.041 kJ/K + 0.8725 kJ/K = 8.91 kJ/K 
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13-67 The temperatures and pressures of two gases forming a mixture in a mixing chamber are given. The mixture 
temperature and the rate of entropy generation are to be determined. 

Assumptions 1 Under specified conditions both C 2 H 6 and CH 4 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 The mixing chamber is insulated and thus there is no heat transfer. 3 There are no other forms of work involved. 3 
This is a steady- flow process. 4 The kinetic and potential energy changes are negligible. 

Properties The specific heats of C 2 H 6 and CH 4 are 1.7662 kJ/kg.°C and 2.2537 kJ/kg.°C, respectively. (Table A-2b). 
Analysis ( a ) The enthalpy of ideal gases is independent of pressure, and thus the 
two gases can be treated independently even after mixing. Noting that 

W = Q = 0 , the steady-flow energy balance equation reduces to 

f - f - A p +0 (steady) _ ^ 

system w 


in 


'out 

iL =E 


in 


out 


= X'"A 

o = X ™ A - X = " 7 c 2 h 6 ( K - h i )c 2 h 6 + w ch 4 ( K - h i ) 
0 = [me p (T e - T t )] C Hf + [me p (T e - T l )] pH 



Using c p values at room temperature and substituting, the exit temperature of the mixture becomes 
0 = (6 kg/s)(l .7662 kJ/kg • °C \T m - 15°c) + (3 kg/sX2.2537 kJ/kg • °Cp m - 60°C) 

T m =32.5°C (305.5 K) 

( b ) The rate of entropy change associated with this process is determined from an entropy balance on the mixing chamber, 

710 


e _ c i c —AS 1 
u in u out u gen system 


= o 


[m(s l -s 2 )] C2 h 6 + [m(s l -s 2 )] C h 4 + S gen =0 

‘^gen =im(s 2 -®i)]c 2 h 6 +[m(s 2 -*i)] C h, 
The molar flow rate of the two gases in the mixture is 

6 kg/s 


N 


r m x 


c 2 h 6 


v-^ yem 


2 6 


N 


CH, 


^ m ^ 
v M y 


30 kg/kmol 
4.5 kg/s 


= 0.2 kmol/s 


CH 16 kg/kmol 


= 0.1875 kmol/s 


Then the mole fraction of each gas becomes 

0.2 

y c 2 h 6 - 


y ch. 


0.2 + 0.1875 
0.1875 
0.2 + 0.1875 


= 0.5161 
= 0.4839 


Thus, 


( s 2 ^1 ) C 2 H 6 _ 




V 


2**6 


f j \ 

c n In — - R\ny 

l J r r 

V T+ 


2 A1 6 


305 5 K 

= (1.7662 kJ/kg • K) In— (0.2765 kJ/kg ■ K) ln(0.5161) = 0.2872 kJ/kg • K 

288 K 


( s 2 s l)cH d ~ 


' , t 2 yp m , 2 A 

c _ In — - R In 

1 T x P 


l 


7 cm v 


c.^-Riny 
l 1 


7 CH, 


305 5 K 

= (2.2537 kJ/kg • K) In— (0.5182 kJ/kg • K) ln(0.4839) = 0. 1821 kJ/kg • K 

333 K 

Noting that P m 2 = Pj \ =300kPa and substituting, 

S gen = (6 kg/sX0.2872 kJ/kg • K)+ (3 kg/sXo. 1821 kJ/kg • K)= 2.27kW/K 
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13-68 



Problem 13-67 is reconsidered. The effect of the mass fraction of methane in the mixture on the mixture 


temperature and the rate of exergy destruction is to be investigated. 
Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

"1 : C2H6, 2: CH4" 
m_dot_total=9 [kg/s] 
"mf_CH4=0.3333" 
mf_C2H6=1 -mf_CH4 
m_dot_1 =mf_C2H6*m_dot_total 
m_dot_2=mf_CH4*m_dot_total 
T1 =(15+273) [K] 

T2=(60+273) [K] 

P=300 [kPa] 

T0=(25+273) [K] 

"Properties" 

c_p_1 =1.7662 [kJ/kg-K] 
c_p_2=2.2537 [kJ/kg-K] 

R_1 =0.2765 [kJ/kg-K] 

R_2=0.51 82 [kJ/kg-K] 

MM_1=30 [kg/kmol] 

MM_2=16 [kg/kmol] 



"Analysis" 

0=m_dot_1 *c_p_1 *(T3-T1 )+m_dot_2*c_p_2*(T3-T2) 

N_dot_1 =m_dot_1 /MM_1 

N_dot_2=m_dot_2/M M_2 

N_dot_total=N_dot_1 +N_dot_2 

y_1 =N_dot_1 /N_dot_total 

y_2=N_dot_2/N_dot_total 

DELTAs_1 =c_p_1 *ln(T3/T1 )-R_1 *ln(y_1 ) 

D ELT As_2=c_p_2*ln (T3/T2) - R_2*l n (y_2) 
S_dot_gen=m_dot_1 *DELTAs_1 +m_dot_2*DELTAs_2 
X_dot_dest=TO*S_dot_gen 



mf F2 

T3 

[K1 

Xdest 

[kWl 

0 

288 

0 

0.1 

293.6 

376.4 

0.2 

298.9 

555.4 

0.3 

303.9 

655.8 

0.4 

308.7 

701.4 

0.5 

313.2 

702.5 

0.6 

317.6 

663.6 

0.7 

321.7 

585.4 

0.8 

325.6 

464.6 

0.9 

329.4 

290.2 

1 

333 

0.09793 
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13-69E In an air-liquefaction plant, it is proposed that the pressure and temperature of air be adiabatically reduced. It is to 
be determined whether this process is possible and the work produced is to be determined using Kay's rule and the departure 
charts. 


Assumptions Air is a gas mixture with 21% 0 2 and 79% N 2 , by mole. 

Properties The molar masses of 0 2 and N 2 are 32.0 and 28.0 lbm/lbmol, respectively. The critical properties are 278.6 R, 
736 psia for 0 2 and 227.1 R and 492 psia for N 2 (Table A-1E). 


Analysis To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo-critical pressure of the 
mixture using the critical point properties of gases. 


^cr ,m - y^crj ~ ^02^cr,02 + 3 7 N2^cr,N2 

= (0.21)(278.6 R) + (0.79X227. 1 R) = 237.9 R 

^cr ,m ~ y'j i ^cr,i ~ 3 7 02^cr,02 3 7 N2^°cr,N2 

= (0.21X736 psia) + (0.79)(492 psia) = 543.2 psia 
The enthalpy and entropy departure factors at the initial and final states are (from EES) 


Tri 

Pr\ 


T. 


777 1 


T 


Cl’,777 


p. 


777 1 


R 


Cl',777 


500 R 
237.9R 


2.102 


IMP! 1 ! = 3 47 1 
432.2psia 



= 0.725 
= 0.339 


21% 0 2 
79% N 2 
(by mole) 
1500 psia 
40°F 


Tri 

Pr2 



T 


cr,777 


p. 


m2 


R 


cr,777 


360 R 
237.9R 


1.513 


15 psia 
432.2psia 


0.0347 



= 0.0179 
= 0.00906 


The enthalpy and entropy changes of the air under the ideal gas assumption is (Properties are from Table A-17E) 
(h 2 - h x ) ideal = 85.97 - 1 19.48 = -33.5 Btu/lbm 


(s 2 — .v, ) ideal = 4 - s° - R In- — = 0.50369 - 0.58233 - (0.06855) In = 0.2370 Btu/lbm- R 

P x 1500 

With departure factors, the enthalpy change (i.e., the work output) and the entropy change are 

w out - ^1 _ ^2 - (^1 _ ^2 ) ideal _ ^ cr hi ~ ^ h2 ) 

= 33.5 - (0.06855)(237.9)(0.725 - 0.0179) 

= 22.0Btu/lbm 

^2 “^1 “ (^2 “^l) ideal - s2 ~ Z sO 

= 0.2370 - (0.06855X0.00906 - 0.339) 

= 0.2596Btu/lbm R 

The entropy change in this case is equal to the entropy generation during the process since the process is adiabatic. The 
positive value of entropy generation shows that this process is possible. 
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13-70 Heat is transferred to a gas mixture contained in a piston cylinder device. The initial state and the final temperature 
are given. The heat transfer is to be determined for the ideal gas and non-ideal gas cases. 


Properties The molar masses of H 2 and N 2 are 2.0, and 28.0 kg/kmol. (Table A-l). 
Analysis From the energy balance relation, 


F - F = A F 

^out 


Qin out 


= AU 

Q in =AH=AH„ + A// n , 


- y 1 ! h\ )h. + W2 K 


N- 


since W b and A U combine into AH for quasi-equilibrium constant pressure processes 



Q 




m 


H- 


M, 


6 kg 

2 kg/kmol 

21kg 

M n 28 kg/kmol 


m 


H- 


N- 


= 3 kmol 


= 0.75 kmol 


(a) Assuming ideal gas behavior, the inlet and exit enthalpies of H 2 and N 2 are determined from the ideal gas tables to be 

H 2 \ h x = h @ l60 K = 4,535.4 kJ /kmol, h 2 = h@ 2 00 K = 5,669.2 kJ /kmol 
N 2 : h\ — h(Q 1 5 Q k = 4,648 kJ /kmol, h 2 — //^ 2 oo k ~ 5,810 kJ / kmol 

Thus, 0 ide ai =3x(5,669.2-4,535.4) + 0.75x(5,810-4,648) = 4273 kJ 

( b ) Using Amagat's law and the generalized enthalpy departure chart, the enthalpy change of each gas is determined to be 




T 


m, 1 


T, 


cr,H- 


160 

33.3 


4.805 


Pr x , H 2 — Pr 2 , H 2 

T _ Tyn ' 2 
^ 2 ,h 2 - T 

1 cr,H 2 


P 

m 

^cr,H? 

200 
33.3 " 


5 

" 1.30 
6.006 


3.846 




(Fig. A-29) 


Thus H 2 can be treated as an ideal gas during this process. 


T, 


T 


m, 1 


*i.N 2 


T, 


cr,N- 


160 

126.2 


= 1.27 


N,: 


P 


= Pr 


P 


m 


/?,,n 2 _ -* r 2 , n 2 


T, 


T 


m, 2 


R 2 , n 2 


T. 


cr,N- 


F cr ,N 2 

200 

126.2 


3.39 
= 1.58 


= 1.47 


Zu = 


Zu = 


1.3 

0.7 


(Fig. A-29) 


Therefore, 

{h 2 - h x ) H2 = (h 2 - h x ) H idca| = 5,669.2 - 4,535.4 = l,133.8kJ/kmol 

(li 2 - h x ) Nz = R u T cr (z hi - Z hi )+ ( h 2 - h x ) ideal 

= (8.314kPa-m 3 /kmolK)(126.2K)(l. 3 -0.7) + (5,810- 4. 648)kJ/kmol = 1,791. 5kJ/kmol 


Substituting, 

Q m = (3 kmolXl, 133.8kJ/kmol)+ (0.75 kmolXl,791.5 kJ/kmol) = 4745 kJ 
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13-71 Heat is transferred to a gas mixture contained in a piston cylinder device discussed in previous problem. The total 
entropy change and the exergy destruction are to be determined for two cases. 

Analysis The entropy generated during this process is determined by applying the entropy balance on an extended system 
that includes the piston-cylinder device and its immediate surroundings so that the boundary temperature of the extended 
system is the environment temperature at all times. It gives 


S’. _ v + S’ = A S’ 

‘-'in ‘“'out 1 ‘“'gen ^‘-'system 


T, l 


(j ^ L — + ■Sgen = A -S water “> ^gen = “ •‘>1 ) Q ' 


in 


boundary 


z 


SUIT 


Then the exergy destroyed during a process can be determined from its definition A" destroyed = Po^gen • 


(a) Noting that the total mixture pressure, and thus the partial pressure of each gas, remains constant, the entropy change of 
a component in the mixture during this process is 


AS: = m. 


T 2 P 2 

c „ In — - R In — 


p 


p 


p, 


= m : c ; In 


Po 


Ji 


l p, l rp 

1 1 


Assuming ideal gas behavior and using c p values at the average temperature, the AS of H 2 and N 2 are determined from 

200 K 

AVgdeai = ( 6 kg)(l3.60 kJ/kg- K)ln— — = 18.21 kJ/K 

1 oU K 

ideal = (21 kgXl.039 kJ/kg • K) In = 4.87 kJ/K 

160 K 


and 


1 T 

S sen = 1 8.21 kJ/K + 4. 87 kJ/K = 8.496 kj/K 

gen 293 K 


^destroyed = r 0 5 gen =(293 K )(s. 496 kJ/K) = 2489 kj 

( b ) Using Amagat's law and the generalized entropy departure chart, the entropy change of each gas is determined to be 


T 


T 


m, 1 


7?.,H 2 


T. 


cr,H' 


160 

33.3 


= 4.805 


Ho: 


P 


*i.H 2 


= P 


P 


m 


R 2 ,h 2 


T, 


T 


m, 2 


R 2 ,h 2 


T, 


P „ » 1.30 

= 6.006 


= 3.846 


cr,H-> 

200 


cr,H' 


33.3 




z„ = 


Thus H 2 can be treated as an ideal gas during this process. 


T, 


T 


m, 1 


7?.,N 2 


T. 


cr,N- 


160 

126.2 


No: 


P 


= Pr 


P, 


m 


R it N 2 _ R 2 , N 2 


P 


T, 


T 


m, 2 


R 2 , n 2 


T. 


cr,N- 


cr, N 2 

200 

126.2 


= 1.268 
5 

_ 3.39 
1.585 


Z, = 


= 1.475 


0.8 

= 0.4 


(Table A-30) 


(Table A-30) 
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Therefore, 

A5 H2 =A5 H2iideal = 18.21 kJ/K 

A^n 2 = N N 2 R u (z Si - Z S2 )+ AS N2jideal 

= (0.75 kmol)(8.314 kPa • m 3 /kmol- K)(0.8 - 0.4) + (4.87 kJ/K) 
= 7.37 kJ/K 


and 


AS 


SUIT 


e» 


suit 


Tr 


- 4745 kJ 
293 K 


= -16.19 kJ/K 


S gen =18.21 kJ/K + 7.37 kJ/K - 16. 19 = 9.390 kJ/K 
^destroyed = ^oA g en =(293 K)(9.385 kJ/K) = 2751 kJ 
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13-72 Two mass streams of two different ideal gases are mixed in a steady-flow chamber while receiving energy by heat 
transfer from the surroundings. Expressions for the final temperature and the exit volume flow rate are to be obtained and 
two special cases are to be evaluated. 

Assumptions Kinetic and potential energy changes are negligible. 

Analysis (a) Mass and energy balances for the mixing process: 

m, + m 2 = m 3 


n\h j + m 2 /z 2 + Qi n = ^ 3 h. 


h = C P T 


Cp, 1^1 + lh 2 Cp, 2^2 + Qin ^3 Cp, nJ 3 


111 


111 - 


C i I V\ ^ _ 

— — — C -\ — C 

P, m . '-'PA . ^P, 2 

m 3 m 3 

_ i m 2 C p 2 

^ — M + ^ ^ 2 + 

m 3 Cp m 


Qin 


fh 3 C p m 


m^Cp m 

(b) The expression for the exit volume flow rate is obtained as follows: 


tV • • R3T3 

V 3 = m 3 v 3 = m 3 — 

P3 


y = ™3 R 3 


™\CpA 171 2 C p 2 

M + • ^ I 2 + 


a. 


m 3 C p m 




fn 3 Cp m 


y _ C PA R 3 m x R x T x | C P 2 /? 3 m 2 R 2 T 2 | 




^P, m R \ R 3 

P3=P^Pl 


Cp, m R 2 


P 


PC 

1 3^P,m 


Cp J r 3 . C P 2 R 3 . rA 

v ; = ^ 3 v; + - - -k + 3 ^ m 


O’, m^l 


^P, m R 2 


PC 

1 3 K ~' P, m 


R = ^L 
M 


R3 _ R„ M l _ Mj r,_m 2 


Rx ^3 ^ 


AT, P, M 


V 3 = 


Cp,\M\ ^ + C P 2 M 2 


^P, m^3 


^P, m^3 


y 2 + 


2 


in 


PM C 

1 3 1V1 3^P,m 


The mixture molar mass M 3 is found as follows: 

/ M ; 


M 3 =Yy,M,' y,= 


7/ 


m 


X-,/.vp' w * = i* 

(c) For adiabatic mixing <2- is zero, and the mixture volume flow rate becomes 

C p . C p 2 M 2 . 

v, = - -v;+ P;2 2 k 



3 


Q>, m^P 3 


(d) When adiabatically mixing the same two ideal gases, the mixture volume flow rate becomes 

m 3 =m x =m 2 

c =c =c 

^P,3 ^P, 1 ^P, 2 
^3=^2 
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Special Topic: Chemical Potential and the Separation Work of Mixtures 


13-51 


13-73C No, a process that separates a mixture into its components without requiring any work (exergy) input is impossible 
since such a process would violate the 2 nd law of thermodynamics. 


13-74C Yes, the volume of the mixture can be more or less than the sum of the initial volumes of the mixing liquids because 
of the attractive or repulsive forces acting between dissimilar molecules. 


13-75C The person who claims that the temperature of the mixture can be higher than the temperatures of the components is 
right since the total enthalpy of the mixture of two components at the same pressure and temperature, in general, is not equal 
to the sum of the total enthalpies of the individual components before mixing, the difference being the enthalpy (or heat) of 
mixing, which is the heat released or absorbed as two or more components are mixed isothermally. 


13-76C Mixtures or solutions in which the effects of molecules of different components on each other are negligible are 
called ideal solutions (or ideal mixtures). The ideal-gas mixture is just one category of ideal solutions. For ideal solutions, 
the enthalpy change and the volume change due to mixing are zero, but the entropy change is not. The chemical potential of 
a component of an ideal mixture is independent of the identity of the other constituents of the mixture. The chemical 
potential of a component in an ideal mixture is equal to the Gibbs function of the pure component. 
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13-77 Brackish water is used to produce fresh water. The minimum power input and the minimum height the brackish water 
must be raised by a pump for reverse osmosis are to be determined. 

Assumptions 1 The brackish water is an ideal solution since it is dilute. 2 The total dissolved solids in water can be treated 
as table salt (NaCl). 3 The environment temperature is also 18°C. 

Properties The molar masses of water and salt are M w =18.0 kg/kmol and M s = 58.44 kg/kmol. The gas constant of pure 
water is R w = 0.4615 kJ/kg-K (Table A-l). The density of fresh water is 1000 kg/m 3 . 

Analysis First we determine the mole fraction of pure water in brackish water using Eqs. 13-4 and 13-5. Noting that mf y = 
0.00078 and mf w = 1- mf, = 0.99922, 

"" ■ = At ‘ 0.00078 | 0.99922 ‘ 18 01 kS,kmo1 

M s M w 58.44 + 18.0 

^ y. ■ mf, ^ . (0.99922) ', 8 g °‘ ^ - 0.99976 
M { M w 18.0 kg/kmol 

The minimum work input required to produce 1 kg of freshwater from brackish water is 

Wmin,in = K T o ln 0 / y w ) = (0.4615 kJ/kg • K)(291. 15 K) ln(l/0.99976) = 0.03230 kJ/kg fresh wate r 


Therefore, 0.03159 kJ of work is needed to produce 1 kg of fresh water is mixed with seawater reversibly. Therefore, the 
required power input to produce fresh water at the specified rate is 


W • • =pWv • 

min, in mi 


mm, in 


= (1000 kg/m 3 )(0. 175 m 3 /s)(0.03230kJ/kg) 


lkW 

lkJ/s 


= 5.65 kW 


J 


The minimum height to which the brackish water must be pumped is 


A z 


min 


^min,in 

f 0.03230 kJ/kg 

1kg. m/s 2 

f 1000 N.m^l 

8 

l 9. 81 m/s 2 J 

IN 

V y 

l IkJ J 


= 3.29 m 
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13-78 A river is discharging into the ocean at a specified rate. The amount of power that can be generated is to be 
determined. 

Assumptions 1 The seawater is an ideal solution since it is dilute. 2 The total dissolved solids in water can be treated as table 
salt (NaCl). 3 The environment temperature is also 15°C. 

Properties The molar masses of water and salt are M w = 18.0 kg/kmol and M s = 58.44 kg/kmol. The gas constant of pure 
water is R w = 0.4615 kJ/kg-K (Table A-l). The density of river water is 1000 kg/m 3 . 

Analysis First we determine the mole fraction of pure water in ocean water using Eqs. 13-4 and 13-5. Noting that mf y = 
0.025 and mf vv = 1- mf, = 0.975, 

M m = = = = 18.32 kg/kmol 

m ^ mf,. mf s mf M , 0.025 0.975 5 

" Mj M s + M w 58.44 + 18.0 


y t = mf,- 

M .. 


-> , v - mf Oil = (0.975) l8 32ti!/tmo1 - 0.9922 
M w 18.0 kg/kmol 


The maximum work output associated with mixing 1 kg of seawater (or the minimum work input required to produce 1 kg of 
freshwater from seawater) is 

out = R w T o ln(l /y w ) = (0.4615 kJ/kg • K)(288. 15 K)ln( 1/0. 9922) = 1 .046 kJ/kg fresh water 

Therefore, 1.046 kJ of work can be produced as 1 kg of fresh water is mixed with seawater reversibly. Therefore, the power 
that can be generated as a river with a flow rate of 400,000 nr/s mixes reversibly with seawater is 


max out 


= pOw 


max out 


o c . (1 kw i * 

= (1000 kg/m 3 )(1 .5 X 10 5 m 3 /s)(l. 046 kJ/kg) =157xl0 6 kW 

1 kJ/s 


Discussion This is more power than produced by all nuclear power plants (1 12 of them) in the U.S., which shows the 
tremendous amount of power potential wasted as the rivers discharge into the seas. 
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13-79 ■*“** Problem 13-78 is reconsidered. The effect of the salinity of the ocean on the maximum power generated is to 


be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

V_dot=1 50000 [m A 3/s] 

"salinity=2.5" 

T=(1 5+273.1 5) [K] 

"Properties" 

M_w=1 8 [kg/kmol] "molarmass(H20)" 
M_s=58.44 [kg/kmol] "molar mass of salt" 
R_w=0.4615 [kJ/kg-K] "gas constant of water" 
rho=1000 [kg/m A 3] 

"Analysis" 

mass_w=1 00-salinity 

mf_s=salinity/100 

mf_w=mass_w/1 00 

M_m=1/(mf_s/M_s+mf_w/M_w) 

y_w= m f_w* M_m/M_w 

w_m ax_o u t= R_w*T* I n ( 1 /y_w) 

W dot max out=rho*V dot*w max out 


Salinity 

f%i 

Wmax,out 

[kW] 

0 

0 

0.5 

3.085E+07 

1 

6.196E+07 

1.5 

9.334E+07 

2 

1.249E+08 

2.5 

1.569E+08 

3 

1.891E+08 

3.5 

2.216E+08 

4 

2.544E+08 

4.5 

2.874E+08 

5 

3.208E+08 



salinity [%] 
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13-80E Brackish water is used to produce fresh water. The mole fractions, the minimum work inputs required to separate 1 
lbm of brackish water and to obtain 1 lbm of fresh water are to be determined. 

Assumptions 1 The brackish water is an ideal solution since it is dilute. 2 The total dissolved solids in water can be treated 
as table salt (NaCl). 3 The environment temperature is equal to the water temperature. 

Properties The molar masses of water and salt are M w = 18.0 lbm/lbmol and M s = 58.44 lbm/lbmol. The gas constant of pure 
water is R w = 0.1 102 Btu/lbm-R (Table A-1E). 

Analysis (a) First we determine the mole fraction of pure water in brackish water using Eqs. 13-4 and 13-5. Noting that mf s 
= 0.0012 and mf w = 1- mf s = 0.9988, 



1 


Ms 


mf ,v 

M w 


0.0012 | 0.9988 =18 -° 151bm/lbm01 
58.44 18.0 


, M 

y, = mf,- — 
M: 


-> y w = mf «. 


M 


m 


M 


w 


(0.9988) 18015 lbm/lbmQl 
18.0 lbm/lbmol 


0.99963 


y s = 1 - y w = 1 - 0.99963 = 0.00037 

( b ) The minimum work input required to separate 1 lbmol of brackish water is 

^ min, in — ^vv^i) (/iv ^ 3T ) 

= -(0.1 102 Btu/lbmolR)(525 R)[0. 99963 ln(0.99963) + 0. 00037 ln(0.00037)] 

= -0.1 91Btu/lbm brackish water 

(c) The minimum work input required to produce 1 lbm of freshwater from brackish water is 

w min,in = Vo ^ 7 /, ) = (0. 1 !02 Btu/lbm- R)(525 R)ln(l/0. 99963) = 0.021 4Btu/lbm freshwater 

Discussion Note that it takes about 9 times work to separate 1 lbm of brackish water into pure water and salt compared to 
producing 1 lbm of fresh water from a large body of brackish water. 
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13-81 A desalination plant produces fresh water from seawater. The second law efficiency of the plant is to be determined. 

Assumptions 1 The seawater is an ideal solution since it is dilute. 2 The total dissolved solids in water can be treated as table 
salt (NaCl). 3 The environment temperature is equal to the seawater temperature. 

Properties The molar masses of water and salt are M w =18.0 kg/kmol and M s = 58.44 kg/kmol. The gas constant of pure 
water is R w = 0.4615 kJ/kg-K (Table A-l). The density of river water is 1000 kg/m 3 . 

Analysis First we determine the mole fraction of pure water in seawater using Eqs. 13-4 and 13-5. Noting that mf s = 0.032 
and mf w = 1- mf s = 0.968, 


M m = 


z 


1 

mf / 

M; 


1 


1 


mf mf 


M, + M 


w 


w 


0.032 0.968 
58.44 18.0 


= 18.41 kg/kmol 


, M m 

y, = mf,- — f- 
M: 


-> y w = mf vy ^ = (0.968) 1841k g /kmo1 = q.9900 


M 


w 


18.0 kg/kmol 


The maximum work output associated with mixing 1 kg of seawater (or the minimum work input required to produce 1 kg of 
freshwater from seawater) is 


w 


= R W T 0 ln(l/ yj = (0.4615 kJ/kg • K)(283. 15 K)ln(l/0.990) = 1.313 kJ/kg fresh water 


max, out 


3 

The power that can be generated as 1.4 m /s fresh water mixes reversibly with seawater is 


^max out = out = ( 10 °° kg/m )(1.4m /s)(1.3 13 kJ/kg) 


lkW 

lkJ/s 


= 1.84kW 


Then the second law efficiency of the plant becomes 


WWm _ 1-83 MW 
W m ~ 8.5 MW 


0.216 = 21.6% 


13-82 The power consumption and the second law efficiency of a desalination plant are given. The power that can be 
produced if the fresh water produced is mixed with the seawater reversibly is to be determined. 

Assumptions 1 This is a steady-flow process. 2 The kinetic and potential energy changes are negligible. 

Analysis From the definition of the second law efficiency 


Rn 


W . 


rev 


w. 


actual 


0.20 


W, 


rev 


ll,500kW 


-> W rev = 2300 kW 


which is the maximum power that can be generated. 
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13-83E It is to be determined if it is it possible for an adiabatic liquid-vapor separator to separate wet steam at 100 psia and 
90 percent quality, so that the pressure of the outlet streams is greater than 100 psia. 

Analysis Because the separator divides the inlet stream into the liquid and vapor portions, 

m 2 = xm x — 0.9/77 , 
m 3 = (1 — x)m x = 0. 1 m x 

According to the water property tables at 100 psia (Table A-5E), 

s x = s f +xs fg = 0.47427 + 0.9x1. 12888 = 1.4903 Btu/lbm-R 

When the increase in entropy principle is adapted to this system, it becomes 

m 2 s 2 + m 3 s 3 > m x s x 
xrh x s 2 +(1 - x)m x s 3 > m x s x 
0.9s 2 +0.1^3 > s x 

>1.4903 Btu/lbm-R 



To test this hypothesis, let’s assume the outlet pressures are 110 psia. Then, 
s 2 =s p = 1.5954 Btu/lbm-R 
s 3 =Sj- = 0.48341 Btu/lbm-R 


The left-hand side of the above equation is 

0.9^ 2 +0.15' 3 =0.9x1. 5954 + 0.1x0.48341 = 1.4842 Btu/lbm-R 

which is less than the minimum possible specific entropy. Hence, the outlet pressure cannot be 1 10 psia. Inspection of the 
water table in light of above equation proves that the pressure at the separator outlet cannot be greater than that at the inlet. 
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Review Problems 


13-84 The volume fractions of components of a gas mixture are given. The mole fractions, the mass fractions, the partial 
pressures, the mixture molar mass, apparent gas constant, and constant-pressure specific heat are to be determined and 
compared to the values in Table A-2a. 

Properties The molar masses of N 2 , 0 2 and Ar are 28.0, 32.0, and 40.0 kg/kmol, respectively (Table A-l). The constant- 
pressure specific heats of these gases at 300 K are 1.039, 0.918, and 0.5203 kJ/kg-K, respectively (Table A-2a). 

Analysis The volume fractions are equal to the mole fractions: 

Tn 2 —0.78, y 0 2 =0.21, y M =0.01 

The volume fractions are equal to the pressure fractions. The partial 
pressures are then 

Pm = y N 2 ^totai = (0.78)(100 kPa) = 78 kPa 
^02 = J 02 ^total =(0.21)(100kPa) = 21kPa 
P A r = y Ar ^total = (0.01)(100 kPa) = 1 kPa 

We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each component 
are 


78% N 2 
21% 0 2 

1% Ar 
(by volume) 


m N2 = /V N2 M N2 =(78kmol)(28kg/kmol) = 2184kg 
m 0 2 = N 02 M 02 = (2 lkmol)(32 kg/kmol) =672 kg 
m Ar = N Ar M Ar = (1 kmol)(40 kg/kmol) = 40 kg 

The total mass is 


m m = m N2 + rn 02 + m Ar = 2184 + 672 + 40 = 2896 kg 


Then the mass fractions are 


mf N2 


mf 0 2 

mf Ar 


m 


N2 


m 


m 


m 


02 


m 


m 


m 


Ar 


m 


m 


2184 kg 
2896 kg 
672 kg 
2896 kg 
40 kg 
2896 kg 


= 0.7541 
= 0.2320 
= 0.0138 


The apparent molecular weight of the mixture is 

2896 kg 


M = — 

m 


100 kmol 


= 28.96kg/kmol 


m 


The constant-pressure specific heat of the mixture is determined from 

C P = mf N2 C /? N2 + mf Q2 C p 02 + m ^Ar C p,Ar 

= 0.7541 X 1.039 + 0.2320 x 0.918 + 0.0138 x 0.5203 

= 1.004kJ/kg K 


The apparent gas constant of the mixture is 


R = 


R, 


M 


m 


8.314kJ/kmol- K 
28. 96 kg/kmol 


= 0.2871kJ/kg K 


This mixture closely correspond to the air, and the mixture properies determined (mixture molar mass, mixture gas constant 
and mixture specific heat) are practically the same as those listed for air in Tables A-l and A-2a. 
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13-85 The mole numbers of combustion gases are given. The partial pressure of water vapor and the condensation 
temperature of water vapor are to be determined. 

Properties The molar masses of C0 2 , H 2 0, 0 2 and N 2 are 44.0, 18.0, 32.0, and 28.0 kg/kmol, respectively (Table A-l). 
Analysis The total mole of the mixture and the mole fraction of water vapor are 
A total = 8 + 9 + 4 + 94 = 1 15 kmol 


3 7 H20 ~ 


N 


H20 


N 


total 


— = 0.07826 
115 


Noting that molar fraction is equal to pressure fraction, the partial pressure of water vapor is 
Pmo = TH 20 ^totai = (0.07826X101 kPa) = 7.90kPa 

The temperature at which the condensation starts is the saturation temperature of water at this pressure. This is called the 
dew-point temperature. Then, 

^cond “ ^sat@7.90kPa = -3°C (Table A-5) 

Water vapor in the combustion gases will start to condense when the temperature of the combustion gases drop to 41.3°C. 
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13-86 Carbon dioxide and oxygen contained in one tank and nitrogen contained in another tank are allowed to mix during 
which heat is supplied to the gases. The final pressure and temperature of the mixture and the total volume of the mixture are 
to be determined. 

Assumptions Under specified conditions C0 2 , N 2 , and 0 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 

Properties The molar masses of C0 2 , N 2 , and 0 2 are 44.0, 28.0, and 32.0 kg/kmol, respectively (TableA-1). The gas 
constants of C0 2 , N 2 , and 0 2 are 0.1889, 0.2968, 2598 kJ/kg.K, respectively (Table A-2). 

Analysis The molar mass of the mixture in tank 1 are 

M m =yco 2 M co 2 +yo 2 M o 2 — (0.625)(44) + (0.375)(32) = 39.5 kg/kmol 


The gas constant in tank 1 is 


*1 = 


R. 


M 


m 


8.314kJ/kmol.K 
39.5 kg/kmol 


= 0.2 104 kJ/kg.K 


The volumes of the tanks and the total volume are 


^ = miRiTx = (5kg)(0.2104kJ/kg.K)(30 + 273K) =2551m 3 
1 P x 125 kPa 

v __ m 2 R 2 T 2 _ (10 kg)(0.2968 kJ/kg.K)(15 + 273 K) /| ^ m3 


P, 


200 kPa 


Kotai = Vi + V = 2.551 + 4.276 = 6.828 m 3 
The mass fractions in tank 1 are 

M 


mf 


C0 2 ,1 ~~ 


co, 44 kg/kmol 

= (0.625) — 7 = 0.6963 mf 0 j = y 0 


M m 39.5 kg/kmol 

The masses in tank 1 and the total mass after mixing are 
m c o 2 ,i =mf C02il m 1 = (0.6963 )(5 kg) = 3.481kg 
«o 2 j = mf o 2 ,i'"i = (0.3037)(5 kg) = 1.519kg 
The mass fractions of the combined mixture are 


G in =100kJ 




ST 

62.5% C0 2 




n 2 

37.5% 0 2 


10 kg 

5 kg 

15°C 

30°C 


200 kPa 

125 kPa 




M 




M 


= (0.375) 


m 


32 kg/kmol 
39.5 kg/kmol 


= 0.3037 


m total = tn l + m 2 = 5 + 10 = 15 kg 


mf 


m 


co 2 ,i 3.481 


C0 2 ,2 


= 0.2321 mf 


m o 2 ,i 


'"total 15 

The initial internal energies are 

u co, .i = 2 - 8995 kJ/kg 


0 2 ,2 


m 


total 


1.519 

15 


= 0.1012 mf 


N 2 ,2 


m 0 10 

— = — = 0.6667 


m 


total 


15 


7i = 30°C 


T x = 15°C >u Nil = -84.77 kJ/kg 


u Qil = -74.16 kJ/kg 
Noting that there is no work interaction, an energy balance gives 

2in = '«total A « m 

Gin ('"total = m fc(X,2( w CO,,2 ~ U C0 2 ,\ ) + m fo,,2 ( w O,,2 _w 0 2 ,l ) + m fN,,2 ( M N,,2 _M N 2 ,1 ) 


(100 kJ)/(15 kg) = (0.2321 )[m co 2 -(-8995)]+(0.1012)[m o 2 -(-74.16)]+(0.6667)[m n , 2 -(-84.77) 


The internal energies after the mixing are a function of mixture temperature only. Using EES, the final temperature of the 
mixture is determined to be 

T mix = 312.4 K 

The gas constant of the final mixture is 

^mix = m ^C0 2 ,2^C0 2 +m fo 2 ,2^0 2 +m fN 2 ,2^N 2 

= (0.2321)(0. 1889) + (0. 1012)(0.2598) + (0.6667)(0.2968) = 0.2680 kg/kmol 

The final pressure is determined from ideal gas relation to be 


P = 

mix 


yyt P ' j ’ 

' /t total xv mix x mix 


t/ 


total 


(15 kg)(0.2680 kJ/kg. K)(3 12.4 K) 
6.828 m 3 


=184kPa 
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13-61 

13-87 The volumetric fractions of the constituents of combustion gases are given. The mixture undergoes a reversible 
adiabatic expansion process in a piston-cylinder device. The work done is to be determined. 

Assumptions Under specified conditions all C0 2 , H 2 0, 0 2 and N 2 can be treated as ideal gases, and the mixture as an ideal 
gas mixture. 

Properties The molar masses of C0 2 H 2 0, 0 2 and N 2 are 44.0, 18.0, 32.0, and 28.0 kg/kmol, respectively (Table A-l). 

Analysis Noting that volume fractions are equal to mole fractions in ideal gas mixtures, the molar mass of the mixture is 
determined to be 


M m ~ yC0 2 ^C0 2 + Jh 2 0^H 2 0 + y0 2 ^0 2 + ^ N 2 -^N 2 

= (0.0489)(44) + (0.0650)(1 8) + (0. 1220)(32) + (0.7641)(28) = 28.63 kg/kmol 

The mass fractions are 


mf 


M 


co- 


.Vco- 


co- 


M 


= (0.0489) 


m 


44 kg/kmol 
28.63 kg/kmol 


= 0.07516 


H -.0 “ y HUO 


M 


M 


H, ° - (0.0650) 18tg,tm ° 1 =0.0409 


m 


28.63 kg/kmol 


mf 0o = y 0 . 


m ^N 0 - y n- 


M 


o- 


M 

M 


m 


N- 


M 


= (0.1220) 


= (0.7641) 


m 


32 kg/kmol 
28.63 kg/kmol 

28 kg/kmol 
28.63 kg/kmol 


= 0.1363 


= 0.7476 



Using Dalton’s law to find partial pressures, the entropies at the initial state are determined from EES to be: 


T = 1800K, P = (0.0489x1000) = 48.9 kPa >s cou - 7.0148 kJ/kg.K 

T = 1800K, P = (0.0650x1000) = 65 kPa >s HiQl = 14.590 kJ/kg.K 

T = 1800K, P = (0. 1 220 x 1000) = 122 kPa >s No l = 8.2570 kJ/kg.K 

T = 1800K, P = (0.7641x1000)= 764.1 kPa >s 0 ^ = 8.2199 kJ/kg.K 

The final state entropies cannot be determined at this point since the final temperature is not known. However, for an 
isentropic process, the entropy change is zero and the final temperature may be determined from 

As total = mf C0 2 As 'C 0 2 + mf H 2 0 As H 2 C +mf 0 2 As o 2 + mf N 2 A ^N 2 =0 

The solution may be obtained using EES to be 
T 2 = 1253 K 


The initial and final internal energies are (from EES) 


T x = 1800 K 


«co 2 ,t = -7478kJ/kg 
m h 2 c,i = -10,779 kJ/kg 
Mq 2 ,i =1147 kJ/kg 
u NiiX =1214 kJ/kg, 


T 2 = 1253 K 


u COi2 =-81 02 kJ/kg 
u h 2 c,2 =-11,955 kJ/kg 
u Qi 2 = 662.8 kJ/kg 
w n ,,2 = 696.5 kJ/kg 


Noting that the heat transfer is zero, an energy balance on the system gives 


4in -w. 


out ^ u m 


■> w out = ~ Au m 


where A u m = mf CQ , (u co 2 -u co + co (u H -,0,2 + ( m 0 2 ,2 _M 0 2 ,l) + m ^N 2 ( m N 2 ,2 m N,,I ) 


Substituting, 

w oat =-Au m = -0.075 16[(— 8102) - (-7478)]-0.0409[(-l 1,955) - (-10,779)] 
- 0. 1 363[662.8 - 1 1 47] - 0.7476[696.5 - 12 1 4] 

= 547.8kJ/kg 
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13-88 The masses of gases forming a mixture at a specified pressure and temperature are given. The mass of the gas mixture 
is to be determined using four methods. 

Properties The molar masses of 0 2 , C0 2 , and He are 32.0, 44.0, and 4.0 kg/kmol, respectively (Table A-l). 

Analysis {a) The given total mass of the mixture is 

in m = m Q2 + m C02 + m He = 0. 1 + 1 + 0.5 = 1 .6 kg 
The mole numbers of each component are 

0.1kg 

N n2 = — = - — = 0.003125 kmol 

M 02 32 kg/kmol 

N CQ2 = ^ = 0.02273 kmol 

M co 2 44 kg/kmol 

= 05t « , 0. 1 25 kmol 

M He 4 kg/kmol 

The mole number of the mixture is 

N m =N Q2 +N c02 + /V He =0.003 125 + 0.02273 + 0.125 = 0.1509 kmol 
Then the apparent molecular weight of the mixture becomes 

M = ^- = = 10. 61 kg/kmol 

N m 0.1509 kmol 

The mass of this mixture in a 0.3 m tank is 



m = 


M m PV 

R U T 


(10.61 kg/kmol )(17, 500 kPa)(0. 3m 3 ) 
(8 . 3 1 4 kPa • m 3 /kmol • K)(293 K) 


22.87kg 


(, b ) To use the Amagat’s law for this real gas mixture, we first need the mole fractions and the Z of each component at the 
mixture temperature and pressure. 


y 02 - 


y co2 - 


y He “ 


N m _ 0.003 125 kmol _ n 
N m 0.1 509 kmol 

Nco 2 ^_ 0.02273 kmol =Q lgQ6 
N m 0.1509 kmol 

^ = O125kmo L = 0 8284 
N m 0.1509 kmol 


Tr, 02 
Pr, 02 


T m 

^cr,02 

P m 


293 K 
154.8 K 


1.893 


17 - 5MPa ^ 3.445 
5.08 MPa 


r ^02 


0.93 


(Fig. A- 15) 


T 


T, 


m 


293 K 


R,C 02 


T, 


= 0.963 


cr,C02 


P 


P. 


m 


R,C 02 


P, 


cr,C02 


304.2 K 

17.5 MPa 
7.39 MPa 


Z c02 =0.33 


= 2.368 


T 


T, 


m 


R, He 


T, 


= 55.3 


cr, He 


P 


P, 


m 


R, He 


P 


cr, He 


293 K 
5.3 K 

17.5MPa 
0.23 MPa 


Z He -1-04 


= 76.1 


(Fig. A- 15) 


(from EES) 
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Then, 


13-63 


= 


m 


- ^ y{^i - y 02^02 + y C02^C02 + ^He^He 
= (0.0207 1)(0.93) + (0. 1506)(0.33) + (0.8284)(1 .04) = 0.9305 


m = 


M m PV 


(10.61 kg/kmol)(17, 500 kPa)(0.3m 3 ) 


(0.9305)(8 .3 14 kPa • m /kmol- K)(293 K) 
(c) To use Dalton’s law with compressibility factors: 

7*02 =1.893 


= 24.57kg 


c/ 


Vm /m 02 


(0.3 m 3 )/(22.87x 0.1/1. 6kg) 


R, 02 


^02 r cr,02 / p cr,02 (0.2598 kPa • m 3 /kg • K)(154.8 K)/(5080 kPa) 


= 26.5 


Zq2=1.0 


Tr,co2 ~ 0-963 


t/ 


Ki/ m C02 


R, C02 


(0.3 m 3 )/(22.87x 1.0/ 1.6kg) 


^C02^cr,C02 ^ ^cr,C02 


(0. 1889 kPa • m 3 /kg • K)(304.2 K)/(7390 kPa) 


= 2.70 


^co2 _ 0.86 


Tr, He -55.3 


c/ 


V m /m He 


/?,He 


^He^cr,He ^ ^cr,He 


(0.3 m 3 )/(22. 87 x 0.5/1 .6kg) 
(2.0769 kPa • m 3 /kg • K)(5.3 K)/(230 kPa) 


= 0.88 


Z He =l-0 


Note that we used m = 22.87 kg in above calculations, the value obtained by ideal gas behavior. The solution normally 
requires iteration until the assumed and calculated mass values match. The mass of the component gas is obtained by 
multiplying the mass of the mixture by its mass fraction. Then, 


Z M = 


m 


~ ^ y{^i - y 02^02 + ^002^002 + ^He^He 
= (0.0207 1)(1 .0) + (0. 1506)(0.86) + (0.8284)(1 .0) = 0.9786 


m = 


M P(/ 

m L * 


(10.61 kg/kmol)(17,500kPa)(0.3 m 3 ) 
Z m R u T (0.9786X8. 314kPa-m 3 /kmol- K)(293 K) 


= 23.37kg 


This mass is sufficiently close to the mass value 22.87 kg. Therefore, there is no need to repeat the calculations at this 
calculated mass. 

(d) To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo-critical pressure of the mixture using 
the critical point properties of 0 2 , C0 2 and He. 

T'cc ,m “ ^ y^cr,i = J02^cr,02 + 02^cr,C02 + ^He^cr,He 

= (0.02071)(154.8 K) + (0. 1506)(304.2 K) + (0.8284)(5.3K) = 53.41 K 

Kr,m = ^ y i Per j = 3 ; 02^cr,02 + 02^cr,C02 + ^He^cr,He 

= (0. 0207 1 )(5 . 08 MPa) + (0. 1 506)(7 .39 MPa) + (0. 8284)(0 . 23 MPa) = 1 .409 MPa 


Then, 


T 

T m 

1 R ~ 


293 K 


= 5.486 


T, 


Pr = 


cr ,m 

P, 


m 


P 


cr, m 


53.41K 

17.5MPa 
1.409 MPa 


= 12.42 


Z m =1.194 


(from EES) 


M m PV (10.61 kg/kmol)(17, 500 kPa)(0.3m 3 ) .. 

m = = 1 9.1 5kg 

Z m R u T (1. 194)(8.3 14 kPa-m 3 /kmolKX293K) 
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13-89 A gas mixture is heated during a steady-flow process. The heat transfer is to be determined using two approaches. 
Assumptions 1 Steady flow conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis Noting that there is no work involved, the energy balance for this gas mixture can be written, on a unit mole basis, 
as 


P _ P _ a p 7,0 (steady) _ q 
-^ out system u 

~ -^out 

<7 in + K = h 
Qin = Ah 

Also, 

3>o 2 =0.25 and y Ni =0.75. 


180 K 



> 10 2 + 3N 2 

8 MPa 


210 K 


Q 


(a) Assuming ideal gas behavior, the inlet and exit enthalpies of 0 2 and N 2 are determined from the ideal gas tables to be 

0 2 : h x =/%i8ok = 5239.6 kJ/kmol, h 2 = h @2 iok = 6112.9 kJ/kmol 
N 2 : h x =h@ 180K = 5229 kJ/kmol, h 2 =h@ 210K = 6, 100.5 kJ/kmol 

Thus, 

^in, ideal = X y ‘ Ah ' = ?0 2 (*2 ~ h l )o 2 + JlV 2 (*2 ~ h \ )n 2 

= (0.25X6,1 12.9 -5,239.6) + (0.75)(6,100.5 -5,229) 

= 872.0 kJ/kmol 


( b ) Using the Kay’s rule, the gas mixture can be treated as a pseudo-pure substance whose critical temperature and pressure 
are 


r 

cr ,m 


y cr,/ 3 0 2 ^cr,0 2 3 ; N 2 ^cr,N 2 

= (0.25)(154.8 K) + (0.75)(126.2 K) 
= 133.4 K 


P' 

cr ,m 


^ 2 J / F cr,/ 3 ; 0 2 ^cr,0 2 3 ’n 2 ^cr,N 2 

= (0.25X5.08 MPa) + (0.75)(3.39 MPa) 
= 3.81 MPa 


Then, 


r. 


^.i = 




Tr, 2 ~ 


m, 1 


180 


T 133.4 

x cr,m 


Pr, 2 ~ 


P, 


m 


= 1.349 
8 


P, 


cr,m 


3.81 


= 2.100 


T m, 2 210 


T 133.4 

x cr,m 


= 1.574 


Zu = 


1.4 

= 1.1 


The heat transfer in this case is determined from 


(Fig. A-29) 


4 in ~ ^2 h\ - R u T cr (Z hi Z h2 ) + ( h 2 h x ) idea i 
- PiJ cr -Z, h ) + g ideal 

= (8.314 kJ/kmol • K)( 1 3 3 . 4 K)( 1 . 4 - 1 . 1 ) + (872 kJ/kmol) 

= 1205 kJ/kmol 
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13-90 “ rrm Problem 13-89 is reconsidered. The effect of the mole fraction of oxygen in the mixture on heat transfer using 
real gas behavior with EES data is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data:" 
y_N2/y_02 =3 

T[1 ]= 1 80 [K] "Inlet temperature" 

T[2]=210 [K] "Exit temmperature" 

P=8000 [kPa] 

R_u = 8.34 [kJ/kmol-K] 

"Solution is done on a unit mole of mixture basis:" 
y_N2 + y_02 =1 

DELTAe_bar_sys = 0 "Steady-flow analysis for all cases" 

"Ideal gas:" 

e_bar_in_IG - e_bar_out_IG = DELTAe_bar_sys 
e_bar_in_IG =q barJnJG + h_bar_1_IG 
e_bar_out_IG = h_bar_2_IG 

h_bar_1_IG = y_N2*enthalpy(N2 ,T=T[1]) + y_02*enthalpy(02,T=T[1]) 
h_bar_2JG = y_N2*enthalpy(N2 ,T=T[2]) + yJD2*enthalpy(02,T=T[2]) 

"EES:" 

P N2 = y_N2*P 
P 02 = y_02*P 

eJaarJnJEES - e_bar_out_EES = DELTAe bar_sys 
e_bar_in_EES =q_bar_in_EES + h_baM_EES 
e_bar_out_EES = h_bar_2_EES 

hj3aM_EES = y_N2*enthalpy(Nitrogen ,T=T[1], P=P^N2) + y_02*enthalpy(0xygen,T=T[1],P=P_02) 
h_bar_2_EES = y_N2*enthalpy(Nitrogen,T=T[2],P=P_N2) + y_02*enthalpy(0xygen,T=T[2],P=P_02) 

"Kay's Rule:" 

Ter N2=126.2 [K] "Table A.1" 

Tcr_02=154.8 [K] 

Per N2=3390 [kPa] "Table A.1" 

Pcr_02=5080 [kPa] 

T cr_mix=y_N2*T cr_N2+y_02*T cr_02 
Pcr_mix=y_N2*Pcr N2+y_02*Pcr_02 
e_bar_in_Zchart - e_bar_out_Zchart = DELTAe_bar_sys 
e_bar_in_Zchart=q_bar_in_Zchart + h_bar_1_Zchart 
ebar_out_Zchart = h_bar_2_Zchart 

"State Iby compressability chart" 

Tr[1]=T[1]/Tcr_mix 

Pr[1]=P/Pcr_mix 

DELTAh_bar_1=ENTHDEP(Tr[1], Pr[1])*R_u*Tcr_mix "Enthalpy departure" 
h_bar_1_Zchart=h_bar_1_IG-DELTAh_bar_1 "Enthalpy of real gas using charts" 

"State 2 by compressability chart" 

T r[2]=T[2]/T cr_mix 
Pr[2]=Pr[1] 

DELTAh_bar_2=ENTHDEP(Tr[2], Pr[2])*R_u*Tcr_mix "Enthalpy departure" 
h_bar_2_Zchart=h_bar_2_IG-DELTAh_bar_2 "Enthalpy of real gas using charts" 
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CjinEES 

[kJ/kmol] 

QinlG 

[kJ/kmol] 

QinZchart 

[kJ/kmol] 

Y02 

1320 

659.6 

1139 

0.01 

1241 

693.3 

1193 

0.1 

1171 

730.7 

1255 

0.2 

1144 

749.4 

1287 

0.25 

1123 

768.1 

1320 

0.3 

1099 

805.5 

1387 

0.4 

1105 

842.9 

1459 

0.5 

1144 

880.3 

1534 

0.6 

1221 

917.7 

1615 

0.7 

1343 

955.2 

1702 

0.8 

1518 

992.6 

1797 

0.9 

1722 

1026 

1892 

0.99 
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13-91 A gas mixture is heated during a steady-flow process, as discussed in the previous problem. The total entropy change 
and the exergy destruction are to be determined using two methods. 


Analysis The entropy generated during this process 
is determined by applying the entropy balance on an 
extended system that includes the piston-cylinder 
device and its immediate surroundings so that the 
boundary temperature of the extended system is the 
environment temperature at all times. It gives 

c _ c + c —AS’ 

‘“'in ‘“'out 1 ‘“'gen ^‘“'system 

T Qm +V =A ‘ S ’system “> V = m(s 2 
boundary 


180 K 


A 


8 MPa 


> 10.+ 3N, 210 K 


U Q 




Q 

z 


surr 


Then the exergy destroyed during a process can be determined from its definition A" destroyed = T 0 S gen . 


(a) Noting that the total mixture pressure, and thus the partial pressure of each gas, remains constant, the entropy change of a 
component in the mixture during this process is 


A*/ = 


A r, p 2 ^ 

c n In — - R„ In — 


p 


r, 


r 


Ji 


T 

= Me _ In — 
1 Z 


Assuming ideal gas behavior and c p values at room temperature (Table A-2), the As of 0 2 and N 2 are determined from 

210 K 

Asq 2 -deal = (32 kg/kmol)(0.918 kJ/kg • K)ln = 4.52 kJ/kmol- K 

180 K 

210 K 

a ^n 2 , ideal = ( 28 kg/kmol)(l.039 kJ/kg • K)ln = 4.48 kJ/kmol K 

180 K 

A Asideal = Yj = A A + y N 2 A A 2 

= (0.25X4.52 kJ/kmol - k)+ (0.75)(4.48 kJ/kmol - K) 

= 4.49 kJ/kmol- K 

and 

s = 4.49 kJ/kmol- K - — ^ kJ/kmol _ ^ kj/kmoI • K 
g 303 K 

^destroyed = ^ gen = (303 k)( 1.61 kJ/kmol- k) = 488 kJ/kmol 


(b) Using the Kay’s rule, the gas mixture can be treated as a pseudo-pure substance whose critical temperature and pressure 
are 


^cr ,m y i^cY,i 3 0 2 ^cr,0 2 3 N 2 ^cr,N 2 

= (0.25)(154.8 K) + (0.75)(126.2 K) 

= 133.4 K 

^cr,m — ^ v 3 cr,/ — 3 0 2 ^cr,0 2 3 n 2 ^cr,N 2 

= (0.25X5.08 MPa) + (0.75X3.39 MPa) 
= 3.81 MPa 


Then, 
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T, 


Tr, i = 


Pr , i _ 


Tr,2 ~ 


m, 1 


180 


T 133.4 

± cr,m 


Pr, 2 ~ 


P, 


m 


= 1.349 
8 


P, 


T 


m, 2 


cr ,m 

210 


3.81 


= 2.100 


T 133.4 

± cr,m ^ 


= 1.574 


Z s . =0.8 

s i 

Z v =0.45 

J 2 


(Fig. A-30) 


Thus, 

^sys — Pu (Z S j ~ Z s 2 ) ^sysjdeal 

= (8.314 kJ/kmol- K)(0.8 -0.45) + (4.49 kJ/kmol- K) 
= 7.40 kJ/kmol- K 


and 


gen 


-^destroyed 


= 7.40 kJ/kmol- K - 12047 kJ/kmo1 - 3.41 kj/kmol K 

303 K 

= Toigen = (303 Kp.4\ kJ/kmol- K) = 1034 kj/kmol 
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13-92 The specific heat ratio and an apparent molecular weight of a mixture of ideal gases are given. The work required to 
compress this mixture isentropically in a closed system is to be determined. 

Analysis For an isentropic process of an ideal gas with constant specific heats, the work is expressed as 

2 2 


^out 


= ^Pdv = P x v^v~ k dv 


1 


1 


P\V\ s l -k l-k \ Fjl/i 

1 1 (>2 -</{ ) = 11 


l-k 


l-k 


r \ 

i/o 


J 


l-k 


-1 


since P l i/f = Pv k for an isentropic process. Also, 


p \V\ = RT i 


( i / 2 / c ' X y=p x ip 2 


Gas mixture 
k = 1.35 

M =32 kg/kmol 
100 kPa, 15°C 


Substituting, we obtain 


^out 




f p ^ 

j_2 

y p i j 


(k-\)/k 


-1 


M(l- k) 
(8.314kJ/kmol-K)(288K) 


(32 kg/kmol)(l - 1 .35) 

= -140kJ/kg 


700 kPa 
100 kPa 


n (1.35-1)71.35 


-1 


The negative sign shows that the work is done on the system. 
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13-93 A mixture of gases is placed in a spring-loaded piston-cylinder device. The device is now heated until the pressure 
rises to a specified value. The total work and heat transfer for this process are to be determined. 

Properties The molar masses of Ne, 0 2 , and N 2 are 20.18, 32.0, 28.0 kg/kmol, respectively and the gas constants are 0.41 19, 
0.2598, and 0.2968 kJ/kg-K, respectively (Table A-l). The constant- volume specific heats are 0.6179, 0.658, and 0.743 
kJ/kg-K, respectively (Table A-2a). 


Analysis The total pressure is 200 kPa and the partial pressures are 

P Ne = y Ne P m = (0.25)(200 kPa) = 50 kPa 
P Q2 = y Q2 P m = (0.50X200 kPa) =100 kPa 
P N2 = )’m P m = (0.25X200 kPa) =50 kPa 

The mass of each constituent for a volume of 0.1 m and a temperature of 10°C are 


m Ne = 


m Q2 = 


m m = 


P Ne 

P NeP 

P 02 

P 02 P 

P N2 

PmP 


(50 kPa)(0.1m 3 ) 


(0.41 19 kPa • m 3 /kg • K)(283 K) 
(100 kPa)(0.1m 3 ) 
(0.2598 kPa • m 3 /kg • K)(283 K) 
(50kPa)(0.1m 3 ) 
(0.2968 kPa • m 3 /kg • K)(283 K) 


= 0.04289 kg 


= 0.1360 kg 


= 0.05953 kg 


25% Ne 
50% 0 2 
25% N 2 
(by pressure) 
0.1 m 3 

10°C, 200 kPa 


Q 


m total = 0.04289 + 0.1360 + 0.05953 = 0.2384 kg 
The mass fractions are 


^ = O04289kg =() .i 799 


m m 0.2384 kg 


01360kg =05705 
m m 0.2384kg 

^ = O0»53kg = 0.2497 



m 


0.2384 kg 

The constant-volume specific heat of the mixture is determined from 

C w = mf Ne C v Ne +mf 0 2<% 02 +m fN2 c i/,N2 

= 0. 1799 x 0.6179 + 0.5705 x 0.658 + 0.2497 x 0.743 
= 0.672 kJ/kg-K 

The moles are 

0.04289 kg 


-^Ne “ 


m 


Ne 


= 0.002126 kmol 


M Ne 20. 1 8 kg/kmol 
m n? 0.1360 kg 

N Q2 = — ^ = — = 0.00425 kmol 


N N2 = 


M 0 2 32 kg/kmol 

m N2 _ 0.05953 kg 
M N2 28 kg/kmol 


= 0.002126 kmol 


N m =N Ne +A 02 +A N2 =0.008502 kmol 
Then the apparent molecular weight of the mixture becomes 

0.2384 kg 


M =^L 

m 


N m 0.008502 kmol 

The apparent gas constant of the mixture is 

8.314kJ/kmol-K 


= 28.04 kg/kmol 


R 

R = — - 
M 


m 


28.05 kg/kmol 


= 0.2964 kJ/kg-K 
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The mass contained in the system is 


PM 


(200 kPa)(0. lnr ) 


RT X (0.2964 kPa-m 3 /kg-K)(283 K) 


= 0.2384 kg 


Noting that the pressure changes linearly with volume, the final volume is determined by linear interpolation to be 


500-200 _ l/ 2 -0.1 
1000-200 ” 1 . 0 - 0.1 


CA = 0.4375 m 3 


The final temperature is 


T 2 = 


P 2^2 


(500 kPa)(0.4375 m 3 ) 


mR (0.2384 kg)(0.2964 kPa • m 3 /kg • K) 


= 3096 K 


The work done during this process is 


W out = Pi+P 2 (V 2 -{/,)= (5Q0 + 2QQ > kPa (0.4375 - 0. 1) m 3 = 1 1 8 k J 
3 


An energy balance on the system gives 

2m = W out +mc v (J 2 -T l ) = 118 + (0.2384 kg)(0. 672 kJ/kg • K)(3096 - 283) K = 569 k J 
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13-94 A spring-loaded piston-cylinder device is filled with a mixture of nitrogen and carbon dioxide whose mass fractions 
are given. The gas is heated until the volume has doubled. The total work and heat transfer for this process are to be 
determined. 

Properties The molar masses of N 2 and C0 2 are 28.0 and 44.0 kg/kmol, respectively (Table A-l). The constant-volume 
specific heats of these gases at room temperature are 0.743 and 0.657 kJ/kg-K, respectively (Table A-2a). 

Analysis We consider 100 kg of this mixture. The mole numbers of each component are 

m m 55 kg 




N 


M m 28 kg/kmol 
45 kg 


= 1.964 kmol 


C02 


C02 


= 1.023 kmol 


M c 02 44 kg/kmol 

The mole number of the mixture is 

N m = N m + N CQ2 = 1 .964 + 1 .023 = 2.987 kmol 

The apparent molecular weight of the mixture is 

100 kg 


M = — 

m 


= 33.48 kg/kmol 


N m 2.987 kmol 
The constant-volume specific heat of the mixture is determined from 

c„ = mfjs 42 c v,m + m fco 2 c (/,co 2 = 0-55 x 0.743 + 0.45 x 0.657 = 0.7043 kJ/kg • K 
The apparent gas constant of the mixture is 

8. 134kJ/kmol- K 


55% N 2 
45% C0 2 
(by mass) 
0.1 m 3 

45°C, 200 kPa 


Q 


R 

R = — — 

M 


m 


33.48 kg/kmol 


= 0.2483 kJ/kg-K 


Noting that the pressure changes linearly with volume, the initial 
volume is determined by linear interpolation using the data of the 
previous problem to be 


200-200 — 0.1 


1000 - 200 
The final volume is 


1 . 0 - 0.1 


^(/j = 0. 1 m 



l/ 2 = 21^ = 2(0. 1 m 3 ) = 0.2 m 3 

The final pressure is similarly determined by linear interpolation using the data of the previous problem to be 

0 . 2 - 0.1 


P 2 - 200 
1000-200 “ 1 . 0 - 0.1 
The mass contained in the system is 


+ P 2 =288.9 kPa 


m = 


(200 kPa)(0.1m 3 ) 


PM 

RT X (0.2483 kPa • m 3 /kg • K)(3 18 K) 


= 0.2533 kg 


The final temperature is 
P, V, 


T 2 = 


2 2 


(288.9 kPa)(0.2m 3 ) 


= 918.7 K 


mR (0.2533 kg)(0.2483 kPa • m J /kg • K) 

The work done during this process is 

Wout=^ 1 (V — K ) = (2 °° + 2 ^ 8 ' 9) kPa (0-2 - o. 1) m 3 =24.4kJ 
An energy balance on the system gives 

2m = ^ out + rnc„ (T 2 -T x ) = 24.4 + (0.2533 kg)(0.7043 kJ/kg • K)(91 8.7 - 3 1 8) K = 1 32 k J 
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13-95 A spring-loaded piston-cylinder device is filled with a mixture of nitrogen and carbon dioxide whose mass fractions 
are given. The gas is heated until the pressure has tripled. The total work and heat transfer for this process are to be 
determined. 

Properties The molar masses of N 2 and C0 2 are 28.0 and 44.0 kg/kmol, respectively (Table A-l). The constant-volume 
specific heats of these gases at room temperature are 0.743 and 0.657 kJ/kg-K, respectively (Table A-2a). 

Analysis We consider 100 kg of this mixture. The mole numbers of each component are 

m m 55 kg 




N 


M m 28 kg/kmol 
45 kg 


= 1.964 kmol 


C02 


C02 


= 1.023 kmol 


M c 02 44 kg/kmol 

The mole number of the mixture is 

N m = N m + N CQ2 = 1 .964 + 1 .023 = 2.987 kmol 

The apparent molecular weight of the mixture is 

100 kg 


M = — 

m 


= 33.48 kg/kmol 


55% N 2 
45% C0 2 
(by mass) 
0.1 m 3 

45°C, 200 kPa 


Q 


N m 2.987 kmol 
The constant-volume specific heat of the mixture is determined from 

c„ = mf N2 <A ,m + m fco 2 c (/,co 2 ~ 0-55 x 0.743 + 0.45 x 0.657 = 0.7043 kJ/kg • K 
The apparent gas constant of the mixture is 

8. 134kJ/kmol- K 


R 

R = — — 

M 


m 


33.48 kg/kmol 


= 0.2483 kJ/kg-K 


Noting that the pressure changes linearly with volume, the 
initial volume is determined by linear interpolation using the 
data of the previous problem to be 


200-200 C ^- 0.1 


^(/j = 0. 1 m 



1000-200 1 . 0 - 0.1 
The final pressure is 

p 2 = 3 P x = 3(200 kPa) = 600 kPa 

The final volumee is similarly determined by linear interpolation using the data of the previous problem to be 
600-200 l/, -0.1 


1000-200 1 . 0 - 0.1 
The mass contained in the system is 


W, = 0.55 m 3 


m = 


PM 


(200 kPa)(0.1 nr ) 


RT { (0.2483 kPa • m 3 /kg • K)(318 K) 


= 0.2533 kg 


The final temperature is 


T i = 


P 2 ^2 


(600 kPa)(0.55m 3 ) 


= 5247 K 


mR (0.2533 kg)(0.2483 kPa • m J /kg • K) 

The work done during this process is 

^out = (V - I'l ) = (2QQ + ( ! 0()>kPa (0.55 - 0. 1) m 3 = 1 80 k J 

An energy balance on the system gives 

2m = ^ out + rnc„ (T 2 -1^=180 + (0.2533 kg)(0.7043 kJ/kg • K)(5247 - 3 1 8) K = 1 059k J 
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13-96 The masses, pressures, and temperatures of the constituents of a gas mixture in a tank are given. Heat is transferred to 
the tank. The final pressure of the mixture and the heat transfer are to be determined. 

Assumptions He is an ideal gas and 0 2 is a nonideal gas. 

Properties The molar masses of He and 0 2 are 4.0 and 32.0 kg/kmol. (Table A-l) 

Analysis (a) The number of moles of each gas is 





m Ue 

m o 2 


-^He 


-■ 4tg ■ 1 kmol 
4.0 kg/kmol 

- = = 0.25 kmol 

32 kg/kmol 

+ /V 0 , = 1 kmol + 0.25 kmol = 1.25 kmol 


Then the partial volume of each gas and the volume of the tank are 
He: 



Q 






(1 kmol)(8.314 kPa-m 3 /kmol-K)(170 K) 
7000 kPa 


= 0.202 m 3 


0 2 : 


P 


P* = 


m, 1 


P. 


T Ri = 


cr,0 : 

r, 


T, 


cr,0- 


7 

5.08 
170 

154.8 


= 1.38 


= 1.10 


Zj =0.53 (Fig. A-15) 


K> = 


ZiVn R..T, 


o 2 ^\ (0.53)(0.25 kmolX8.314 kPa-m"/kg-K)(170 K) 


P, 


m, 1 


7000 kPa 


= 0.027 m 


l/ t ank =C/ He +(/ o = 0.202 m 3 + 0.027 m 3 = 0.229 m 3 


The partial pressure of each gas and the total final pressure is 
He: 



P, 




He, 2 


c/. 


tank 


(1 kmolX8.314 kPa-m 3 /kmol-KX220 K) 
0.229 m 3 


= 7987 kPa 


Tr, = 


Tn 


T 


cr,0- 


220 

154.8 


= 1.42 


(/ 


o 


I* o- 


t/ 


R, O- 


RuT cr ,0 2 ^ Per, O 2 


PiJ cr,0 2 / ^cr,0 2 


P R = 0.39 


(0.229 m 3 )/(0.25 kmol) 


(8.314 kPa-m J /kmol-K)(154.8 K)/(5080 kPa) 


= 3.616 


(Fig. A-15) 


p Q =(p R P cr ) 02 =(0.39)(5080kPa)= 1981 kPa = 1.981 MPa 
P m 2 =P He +P Q =7.987 MPa + 1.981 MPa = 9.97 MPa 
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( b ) We take both gases as the system. No work or mass crosses the system boundary, therefore this is a closed system with 
no work interactions. Then the energy balance for this closed system reduces to 

F - F = A F 

■°in -^out system 

Q in =AU = A Ulle +A Uoi 


He: 



A t/ Hc = mc v (7’,„ -7’ 1 ) = (4 kg)(3. 1156 kJ/kg- K)(220-170)K = 623. 1 kJ 


t Ri =1.10 

P Rt =1.38 


\Z hl -2.2 


T r 2 =1.42 
p 

Rl 5.08 


1.963 


Z/ !2 = 1-2 


(Fig. A-29) 


Also, 


Thus, 


h 2 h { - R u T cr ( Z, h Z/^ ) + ( h 2 h x ) ideal 

= (8.314 kJ/kmol -K)( 154. 8 K)(2.2 -1.2) + (6404 -4949)kJ/kmol 
= 2742 kJ/kmol 


_ n h s r „ t i _ (1 kmol)(8.314 kPam 3 /kgK)(170 K) 

^tank 0.229 111 ! 

Pq 2 i =P mX -V,1 =7000 kPa-6172 kPa = 828 kPa 


= 6, 172 kPa 


^ 0 i -N 0 ^(h 2 h x ) (P 2 ^2 F, I/, ) - N q 2 (h 2 h x ) (Pq 2 .2 +>,, , )l/ tank 

= (0.25 kmol)(2742 kJ/kmol)- (1981 -828)(0.229)kPa • m 3 
= 421.5 kJ 


Substituting, 

Q [n = 623. 1 kJ + 421 .5 kJ = 1 045 kJ 
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13-97E The mass percentages of a gas mixture are given. This mixture is expanded in an adiabatic, steady-flow turbine of 
specified isentropic efficiency. The second law efficiency and the exergy destruction during this expansion process are to be 
determined. 


Assumptions All gases will be modeled as ideal gases with constant specific heats. 


Properties The molar masses of N 2 , He, CH 4 , and C 2 H 6 are 28.0, 4.0, 16.0, and 30.0 lbm/lbmol, respectively (Table A-1E). 
The constant-pressure specific heats of these gases at room temperature are 0.248, 1.25, 0.532, and 0.427 Btu/lbm-R, 
respectively (Table A-2Ea). 


Analysis For 1 lbm of mixture, the mole numbers of each component are 


^N2 

-^CH4 

-^C2H6 


M N2 

m He 

^He 


0.15 lbm 
28 lbm/lbmol 


= 0.005357 lbmol 


0.05 lbm 
4 lbm/lbmol 


= 0.0125 lbmol 


m CH4 . 

Mem 

m C2H6 

-^C2H6 


0.61bm 


= 0.0375 lbmol 


1 6 lbm/lbmol 
0.20 lbm 
30 lbm/lbmol 


= 0.006667 lbmol 


The mole number of the mixture is 


200 psia 
400°F 



N m = N Q2 + N CQ2 + /V He = 0.005357 + 0.0125 + 0.0375 + 0.006667 = 0.06202 lbmol 
The apparent molecular weight of the mixture is 

1 lbm 


M ^ = 


m 


m 


N m 0.065202 lbmol 
The apparent gas constant of the mixture is 

1. 9858 lbm/lbmol- R 


= 16. 12 lbm/lbmol 


R u 

R = — — 


= 0.1232 Btu/lbm-R 


M m 16.12 lbm/lbmol 

The constant-pressure specific heat of the mixture is determined from 
c p “ m fN2 c /?,N2 + m ^He c p,m + m fcH4 c p,CH4 + m fc2H6 c /?,C2H6 

= 0. 15 X 0.248 + 0.05 x 1 .25 + 0.60 x 0.532 + 0.20 x 0.427 
= 0.5043 Btu/lbm-R 

Then the constant- volume specific heat is 

c u =c p -R = 0.5043 -0.1232 = 0.3811 Btu/lbm-R 


The specific heat ratio is 


k = 


c 


p 


0.5043 


c 0.3811 


= 1.323 


The temperature at the end of the expansion for the isentropic process is 


T 2s =T\ 


*2 

J 


= (860 R) 


/ 1 . ^0.323/1.32 

15psia 


= 456.8 R 


200 psia 

Using the definition of turbine isentropic efficiency, the actual outlet temperature is 
T 2 = t i — 7turb (-^l - T 2s ) = (860 R) - (0.85)(860 - 456.8) = 5 17.3 R 
The entropy change of the gas mixture is 
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T P 317 3 13 

- s = c .An — - R\n — = (0.5043) In - (0.1232) In = 0.06270 Btu/lbm- R 

2 1 p T x P x 860 200 

The actual work produced is 

w out =h l -h 2 = c p ( T x -T 2 ) = (0.5043 Btu/lbm- R)(860 - 517.3) R - 172.8 Btu/lbm 
The reversible work output is 

w rev out =h x ~h 2 - T 0 (s x -s 2 ) = 172.8 Btu/lbm- (537 R)(-0.06270 Btu/lbm- R) = 206.5 Btu/lbm 
The second-law efficiency and the exergy destruction are then 

r]a _ — ^out — _ _172^ _ o_837 = 83.7% 

^rev.out 206.5 

•W =w re v, out -v^out =206.5 -172.8 = 33.7 Btu/lbm 
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13-98 ■ Sfi “ A program is to be written to determine the mole fractions of the components of a mixture of three gases with 
known molar masses when the mass fractions are given, and to determine the mass fractions of the components when the 
mole fractions are given. Also, the program is to be run for a sample case. 

Analysis The problem is solved using EES, and the solution is given below. 


Procedure Fractions(Type$A$,B$,C$A,B,C:mf_A,mf_B,mf_C,y_A,y_B,y_C) 

{If Type$ <> ('mass fraction' OR 'mole fraction' ) then 

Call ERROR('Type$ must be set equal to "mass fraction" or "mole fraction".') 

GOTO 10 

endif} 

Sum = A+B+C 

If ABS(Sum - 1) > 0 then goto 20 
MM_A = molarmass(A$) 

MM_B = molarmass(B$) 

MM_C = molarmass(C$) 

If Type$ = 'mass fraction' then 
mf_A = A 
mf_B = B 
mf_C = C 

sumM_mix = mf_A/MM_A+ mf_B/MM_B+ mf_C/MM_C 

y_A = mf_A/MM_A/sumM_mix 

y_B = mf_B/MM_B/sumM_mix 

yC = mf_C/MM_C/sumM_mix 

GOTO 10 

endif 

if Type$ = 'mole fraction' then 
y_A = A 
y_B = B 
y_C = C 

MMmix = y_A*MM_A+ y_B*MM_B+ y_C*MM_C 

mf_A = y_A*MM_A/MM_mix 

mf_B = y_B*MM_B/MM_mix 

mf_C = y_C*MM_C/MM_mix 

GOTO 10 

Endif 

Call ERROR('Type$ must be either mass fraction or mole fraction.') 

GOTO 10 
20 : 

Call ERROR('The sum of the mass or mole fractions must be 1 ') 

10 : 

END 


"Either the mole fraction yj or the mass fraction mfj may be given by setting the parameter Type$='mole fraction' when the 
mole fractions are given or Type$='mass fraction' is given" 

{Input Data in the Diagram Window} 

{Type$='mole fraction' 

A$ = 'N2' 

B$ = '02' 

C$ = 'Argon' 

A = 0.71 "When Type$='mole fraction' A, B, C are the mole fractions" 

B = 0.28 "When Type$='mass fraction' A, B, C are the mass fractions" 

0 = 0 . 01 } 

Call Fractions(Type$,A$,B$,C$A,B,C:mf_A,mf_B,mf_C,y_A,y_B,y_C) 


SOLUTION 

A=0.71 

C=0.01 

mf_C=0.014 

y_B=0.280 


A$='N2' B=0.28 

C$='Argon' mf_A=0.680 

Type$='mole fraction' 
y_C=0.010 


B$='02' 

mf_B=0.306 

y_A=0.710 
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13-99 ““ A program is to be written to determine the apparent gas constant, constant volume specific heat, and internal 
energy of a mixture of 3 ideal gases when the mass fractions and other properties of the constituent gases are given. Also, the 
program is to be run for a sample case. 

Analysis The problem is solved using EES, and the solution is given below. 


T=300 [K] 

A$ = 'N2' 

B$ = '02' 

C$ = 'C02' 
mf_A = 0.71 
mf_B = 0.28 
mf_C = 0.01 

R_u = 8.314 [kJ/kmol-K] 

MM A = molarmass(A$) 

MM_B = molarmass(B$) 

MM_C = molarmass(C$) 

SumM_mix = mf_A/MM_A+ mf_J3/MMJ3+ mf_C/MM_C 

y_A = mf_A/ M MA/S u m M_m i x 

y_B = mf_B/MMJ3/SumM_mix 

y_C = mf_C/MM_C/SumM_mix 

MM_mix = y_A*MM_A+ y_B*MM_B+ y_C*MM_C 

R mix = R_u/MM_mix 

C_P_mix=mf_A*specheat(A$,T=T)+mf_B*specheat(B$,T=T)+mf_C*specheat(C$,T=T) 

C_V_mix=C_P_mix - R_mix 

u_mix=C_V_mix*T 

h_mix=C_P_mix*T 

SOLUTION 

A$='N2' 

B$- 02' 

C$='C02' 

C_P_mix= 1.006 [kJ/kg-K] 

C_V_mix=0.7206 [kJ/kg-K] 

h_mix=301 .8 [kJ/kg] 

mf_A=0.71 

mf_B=0.28 

mf_C=0.01 

MM A=28.01 [kg/kmol] 

MM B=32 [kg/kmol] 

MM_C=44.01 [kg/kmol] 

MM_mix=29.14 [kg/kmol] 

R_mix=0.2854 [kJ/kg-K] 

R u=8.314 [kJ/kmol-K] 

SumM_mix=0. 03432 
T=300 [K] 

u_mix=216.2 [kJ/kg] 
y„A=0.7384 
y_B=0.2549 
y_C=0. 00662 
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A. 

13-100 Using Amagat’s law, it is to be shown that Z m = ^T^y i Z i for a real-gas mixture. 


/= 1 


Analysis Using the compressibility factor, the volume of a component of a real -gas mixture and of the volume of the gas 
mixture can be expressed as 

y _ ZjN jRiJm y _ m R u T m 


p p 

m 1 m 

Amagaf s law can be expressed as 

c/ = V (/ (t p ) 

Substituting, 

Z m N m R u T m ST Z i N i R u T m 


P, 




m 


P 


m 


Simplifying, 

Z m N m = Y,Z t Ni 

Dividing by N m , 

z m =Zj y ‘ Z ‘ 

where Z, is determined at the mixture temperature and pressure. 
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13-101 An ideal gas mixture whose apparent molar mass is 20 kg/kmol consists of nitrogen N 2 and three other gases. If the 
mole fraction of nitrogen is 0.55, its mass fraction is 

(a) 0.15 (b) 0.23 (c) 0.39 (d) 0.55 (e) 0.77 


Answer (e) 0.77 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

M_mix=20 "kg/kmol" 

M_N2=28 "kg/kmol" 
y_N2=0.55 

mf_N2=(M_N2/M_mix)*y_N2 

"Some Wrong Solutions with Common Mistakes:" 

W1_mf = y_N2 "Taking mass fraction to be equal to mole fraction" 

W2_mf= y_N2*(M_mix/M_N2) "Using the molar mass ratio backwords" 

W3_mf= 1 -mf_N2 "Taking the complement of the mass fraction" 


13-102 An ideal gas mixture consists of 2 kmol of N 2 and 6 kmol of C0 2 . The mass fraction of C0 2 in the mixture is 
(a) 0.175 (b) 0.250 (c) 0.500 (d) 0.750 (e) 0.825 


Answer (e) 0.825 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

N1=2 "kmol" 

N2=6 "kmol" 

N_mix=N1+N2 
MM1 =28 "kg/kmol" 

MM2=44 "kg/kmol" 
m_mix=N1 *MM1 +N2*MM2 
mf2=N2*MM2/m_mix 

"Some Wrong Solutions with Common Mistakes:" 

W1_mf = N2/N_mix "Using mole fraction" 

W2_mf = 1-mf2 "The wrong mass fraction" 
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13-103 An ideal gas mixture consists of 2 kmol of N 2 and 4 kmol of C0 2 . The apparent gas constant of the mixture is 
(a) 0.215 kJ/kg-K (b) 0.225 kJ/kg-K (c) 0.243 kJ/kg-K (d) 0.875 kJ/kg-K (e) 1.24 kJ/kg-K 


Answer (a) 0.215 kJ/kg-K 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Ru=8.314 "kJ/kmol.K" 

N1 =2 "kmol" 

N2=4 "kmol" 

MM1 =28 "kg/kmol" 

MM2=44 "kg/kmol" 

R1=Ru/MM1 
R2=Ru/MM2 
N_mix=N1 +N2 
y1=N1/N_mix 
y2=N2/N_mix 

MM_mix=y1 *MM1 +y2*MM2 
R_mix=Ru/MM_mix 

"Some Wrong Solutions with Common Mistakes:" 

W1_Rmix =(R1+R2)/2 "Taking the arithmetic average of gas constants" 

W2_Rmix= y1*R1+y2*R2 "Using wrong relation for Rmixture" 


13-104 A rigid tank is divided into two compartments by a partition. One compartment contains 3 kmol of N 2 at 400 kPa 
pressure and the other compartment contains 7 kmol of C0 2 at 200 kPa. Now the partition is removed, and the two gases 
form a homogeneous mixture at 250 kPa. The partial pressure of N 2 in the mixture is 

(a) 75 kPa (b) 90 kPa (c) 125 kPa (d) 175 kPa (e) 250 kPa 


Answer (a) 75 kPa 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI = 400 "kPa" 

P2 = 200 "kPa" 

P_mix=250 "kPa" 

N1 =3 "kmol" 

N2=7 "kmol" 

MM1 =28 "kg/kmol" 

MM2=44 "kg/kmol" 

N_mix=N1 +N2 
y1=N1/N_mix 
y2=N2/N_mix 
P_N2=y1*P_mix 

"Some Wrong Solutions with Common Mistakes:" 

W1_P1= P_mix/2 "Assuming equal partial pressures" 

W2_P1= mf1*P_mix; mf1=NrMM1/(N1*MM1+N2*MM2) "Using mass fractions" 

W3_P1 = P_mix*N1*P1/(N1*P1+N2*P2) "Using some kind of weighed averaging" 
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13-105 An 80-L rigid tank contains an ideal gas mixture of 5 g of N 2 and 5 g of C0 2 at a specified pressure and temperature. 
If N 2 were separated from the mixture and stored at mixture temperature and pressure, its volume would be 

(a) 32 L (b) 36 L (c) 40 L (d) 49 L (e) 80 L 


Answer (d) 49 L 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

V_mix=80 "L" 
ml =5 "g" 
m2=5 "g" 

MM1 =28 "kg/kmol" 

MM2=44 "kg/kmol" 

N1=m1/MM1 
N2=m2/MM2 
N_mix=N1 +N2 
y1=N1/N_mix 
V1=y1*V_mix "L" 

"Some Wrong Solutions with Common Mistakes:" 

W1_V1=V_mix*m1/(m1 +m2) "Using mass fractions" 

W2_V1= V_mix "Assuming the volume to be the mixture volume" 


13-106 An ideal gas mixture consists of 3 kg of Ar and 6 kg of C0 2 gases. The mixture is now heated at constant volume 
from 250 K to 350 K. The amount of heat transfer is 

(a) 374 kl (b) 436 kJ (c)488 kl (d) 525 kl (e) 664 kJ 


Answer (c) 488 kJ 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1=250 "K" 

T2=350 "K" 

Cv1=0.3122; CpI =0.5203 "kJ/kg.K" 

Cv2=0.657; Cp2=0.846 "kJ/kg.K" 
ml =3 "kg" 
m2=6 "kg" 

MM1 =39.95 "kg/kmol" 

MM2=44 "kg/kmol" 

"Applying Energy balance gives Q=DeltaU=DeltaU_Ar+DeltaU_C02" 

Q=(m1 *Cv1 +m2*Cv2)*(T2-T 1 ) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Q = (ml +m2)*(Cv1 +Cv2)/2*(T2-T 1 ) "Using arithmetic average of properties" 

W2_Q = (ml *Cp1 +m2*Cp2)*(T2-T 1 )"Using Cp instead of Cv" 

W3_Q = (ml *Cv1 +m2*Cv2)*T2 "Using T2 instead of T2-T1" 
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13-107 An ideal gas mixture consists of 60% helium and 40% argon gases by mass. The mixture is now expanded 
isentropically in a turbine from 400°C and 1.2 MPa to a pressure of 200 kPa. The mixture temperature at turbine exit is 

(a) 56°C (b) 195°C (c) 130°C (d) 112°C (e)400°C 


Answer (a) 56°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1=400+273"K" 

PI =1200 "kPa" 

P2=200 "kPa" 
mf_He=0.6 
mf_Ar=0.4 
kl =1.667 
k2=1 .667 

"The specific heat ratio k of the mixture is also 1 .667 since k=1 .667 for all componet gases" 
k_mix=1 .667 

T2=T1 *(P2/P1 ) A ((k_mix-1 )/k_mix)-273 
"Some Wrong Solutions with Common Mistakes:" 

W1_T2 = (T 1 -273)*(P2/P1 ) A ((k_mix-1 )/k_mix) "Using C forTI instead of K" 

W2_T2 = T 1 *(P2/P1 ) A ((k_air-1 )/k_air)-273; k_air=1.4 "Using k value for air" 

W3_T2 = T1*P2/P1 "Assuming T to be proportional to P" 


13-108 One compartment of an insulated rigid tank contains 2 kmol of CO 2 at 20°C and 150 kPa while the other 
compartment contains 5 kmol of H 2 gas at 35°C and 300 kPa. Now the partition between the two gases is removed, and the 
two gases form a homogeneous ideal gas mixture. The temperature of the mixture is 

(a) 25°C (b) 29 °C (c) 22°C (d) 32°C (e) 34°C 


Answer (b) 29°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

N_H2=5 "kmol" 

T 1_H2=35 "C" 

P1_H2=300 "kPa" 

N_C02=2 "kmol" 

T 1_CO2=20 "C" 

P1_C02=1 50 "kPa" 

Cv_H2=10.183; Cp_H2=1 4.307 "kJ/kg.K" 

Cv_CO2=0.657; Cp_CO2=0.846 "kJ/kg.K" 

MM_H2=2 "kg/kmol" 

MM_C02=44 "kg/kmol" 

m_H2=N_H2*MM_H2 

m_C02=N„C02*MM_C02 

"Applying Energy balance gives 0=DeltaU=DeltaU_H2+DeltaU_CO2" 
0=m_H2*Cv_H2*(T2-T1_H2)+m_CO2*Cv_CO2*(T2-T1_CO2) 

"Some Wrong Solutions with Common Mistakes:" 

0=m_H2*Cp_H2*(W1_T2-T1_H2)+m_CO2*Cp_CO2*(W1_T2-T 1_C02) "Using Cp instead of Cv" 
0=l\HH2*Cv_H2*(W2_T2-T1_H2)+N_CO2*Cv_CO2*(W2_T2-T1_CO2) "Using N instead of mass" 

W3_T2 = (T1_H2+T 1 _C02)/2 "Assuming averate temperature" 
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13-109 A piston-cylinder device contains an ideal gas mixture of 3 kmol of He gas and 7 kmol of Ar gas at 50°C and 400 
kPa. Now the gas expands at constant pressure until its volume doubles. The amount of heat transfer to the gas mixture is 

(a) 6.2 MJ (b) 42 MJ (c) 27 MJ (d) 10 MJ (e) 67 MJ 


Answer (e) 67 MJ 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

N_He=3 "kmol" 

N_Ar=7 "kmol" 

T1 =50+273 "C" 

PI =400 "kPa" 

P2=P1 

"T2=2T1 since PV/T=const for ideal gases and it is given that P=constant" 

T2=2*T1 "K" 

MM_He=4 "kg/kmol" 

MM_Ar=39.95 "kg/kmol" 
m_He=N_He*MM_He 
m_Ar=N_Ar*MM_Ar 
Cp_Ar=0.5203; Cv_Ar = 3122 "kJ/kg.C" 

Cp_He=5.1926; Cv_He = 3.1156 "kJ/kg.K" 

"For a P=const process, Q=DeltaH since DeltaU+Wb is DeltaH" 

Q=m_Ar*Cp_Ar*(T2-T 1 )+m_He*Cp_He*(T2-T1 ) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Q =m_Ar*Cv_Ar*(T2-T 1 )+m_He*Cv_He*(T2-T 1 ) "Using Cv instead of Cp" 

W2_Q=N_Ar*Cp_Ar*(T2-T 1 )+N_He*Cp_He*(T2-T 1 ) "Using N instead of mass" 

W3_Q=m_Ar*Cp_Ar*(T22-T 1 )+m_He*Cp_He*(T22-T 1 ); T22=2*(T1-273)+273 "Using C for T1" 
W4_Q=(m_Ar+m_He)*0.5*(Cp_Ar+Cp_He)*(T2-T 1 ) "Using arithmetic averate of Cp" 
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13-110 An ideal gas mixture of helium and argon gases with identical mass fractions enters a turbine at 1500 K and 1 MPa 
at a rate of 0.12 kg/s, and expands isentropically to 100 kPa. The power output of the turbine is 

(a) 253 kW (b)310kW (c) 341 kW (d)463kW (e) 550 kW 


Answer (b)310kW 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

m=0.12 "kg/s" 

T1=1500 "K" 

PI =1000 "kPa" 

P2=100 "kPa" 

mf_He=0.5 

mf_Ar=0.5 

k_He=1.667 

k_Ar=1 .667 

Cp_Ar=0.5203 

Cp_He=5.1926 

Cp_mix=mf_He*Cp_He+mf_Ar*Cp_Ar 

"The specific heat ratio k of the mixture is also 1 .667 since k=1 .667 for all componet gases" 
k_mix=1 .667 

T2=T1 *(P2/P1 ) A ((k_mix-1 )/k_mix) 

-W_out=m*Cp_mix*(T2-T 1 ) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Wout= - m*Cp_mix*(T22-T 1 ); T22 = (T1-273)*(P2/P1) A ((k_mix-1)/k_mix)+273 "Using C forTI instead of K" 
W2_Wout= - m*Cp_mix*(T222-T 1 ); T222 = T1*(P2/P1) A ((k_air-1)/k_air)-273; k_air=1.4 "Using k value for air" 
W3_Wout= - m*Cp_mix*(T2222-T 1 ); T2222 = T1*P2/P1 "Assuming T to be proportional to P" 

W4_Wout= - m*0.5*(Cp_Ar+Cp_He)*(T2-T 1 ) "Using arithmetic average for Cp" 


13-111 ...13-113 Design and Essay Problem 




PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


Solutions Manual for 

Thermodynamics: An Engineering Approach 

8th Edition 

Yunus A. Qengel, Michael A. Boles 
McGraw-Hill, 2015 


14-1 


Chapter 14 

GAS-VAPOR MIXTURES AND AIR 

CONDITIONING 
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Dry and Atmospheric Air: Specific and Relative Humidity 


14-2 


14- 1C Dry air does not contain any water vapor, but atmospheric air does. 


14-2C Specific humidity is the amount of water vapor present in a unit mass of dry air. Relative humidity is the ratio of the 
actual amount of vapor in the air at a given temperature to the maximum amount of vapor air can hold at that temperature. 


14-3C Yes, the water vapor in the air can be treated as an ideal gas because of its very low partial pressure. 


14-4C Yes. 


14-5C Yes; by cooling the air at constant pressure. 


14-6C Specific humidity will decrease but relative humidity will increase. 


14-7C The specific humidity will remain constant, but the relative humidity will decrease as the temperature rises in a well- 
sealed room. 


14-8C The specific humidity will remain constant, but the relative humidity will decrease as the temperature drops in a 
well-sealed room. 


14-9C A tank that contains moist air at 3 atm is located in moist air that is at 1 atm. The driving force for moisture transfer is 
the vapor pressure difference, and thus it is possible for the water vapor to flow into the tank from surroundings if the vapor 
pressure in the surroundings is greater than the vapor pressure in the tank. 


14- IOC Insulations on chilled water lines are always wrapped with vapor barrier jackets to eliminate the possibility of 
vapor entering the insulation. This is because moisture that migrates through the insulation to the cold surface will condense 
and remain there indefinitely with no possibility of vaporizing and moving back to the outside. 
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14-11 A tank contains dry air and water vapor at specified conditions. The specific humidity, the relative humidity, and the 
volume of the tank are to be determined. 


Assumptions The air and the water vapor are ideal gases. 

Analysis (a) The specific humidity can be determined form its definition, 
m v 0.17 kg 


co = 


m. 


15 kg 


= 0.01133 kgH 2 0/kgdry air 


( b ) The saturation pressure of water at 30°C is 
P g ~ ^sat @ 30 ^ ~ 4.2469 kPa 

Then the relative humidity can be determined from 

coP (0.01 133)(100 kPa) 




(0.622 + co)P g (0.622 + 0.01133)(4.2469 kPa) 


= 0.4214 = 42.1% 


15 kg dry air 
0.17 kg H 2 0 vapor 
30°C 
100 kPa 


(c) The volume of the tank can be determined from the ideal gas relation for the dry air, 

P v =(/>P g = (0.4214)(4.2469 kPa) = 1.789 kPa 
p a =P-P V =100 -1.789 = 98.21 lkPa 

t , _ m a R a T _ (15 kgXO-287 kJ/kg • KX303 K) _ ^ 3 m 3 
P a 98.21 lkPa 
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14-12 A tank contains dry air and water vapor at specified conditions. The specific humidity, the relative humidity, and the 
volume of the tank are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis {a) The specific humidity can be determined form its definition, 


co = - - 0.01133 kg H 2 0/kg dry air 

m a 15 kg 

( b ) The saturation pressure of water at 20°C is 
P g — ^sat @ 20 °c = 2.339 kPa 
Then the relative humidity can be determined from 


15 kg dry air 
0.17 kg H 2 0 vapor 
20°C 
100 kPa 



coP 

(0.622 + co)P Q 

o 


(0.01 133X100 kPa) 
(0.622 + 0.01 133)(2.339 kPa) 


= 0.7650 = 76.5% 


(c) The volume of the tank can be determined from the ideal gas relation for the dry air, 

P v = </>P g = (0.7650X2.339 kPa) = 1.789 kPa 
P a =P-P V =100 -1.789 = 98.21 lkPa 
t , _ m a R a T _ (15 kgXO-287 kJ/kg • KX293 K) _ ^ g m3 
P a 98.21 lkPa 


14-13 A room contains air at specified conditions and relative humidity. The partial pressure of air, the specific humidity, 
and the enthalpy per unit mass of dry air are to be determined. 


Assumptions The air and the water vapor are ideal gases. 

Analysis (a) The partial pressure of dry air can be determined from 

p v = </>Pg = K at® 2 <rc = (0.85X2.3392 kPa) = 1.988 kPa 
P a = P - P v = 98 - 1.988 = 96.01 kPa 


(b) The specific humidity of air is determined from 


0.622 P v 

c o = 

P-P 

1 ± v 


(0.622X1.988 kPa) 
(98-1.988) kPa 


= 0.0129 kg H 2 0/kg dry air 



(c) The enthalpy of air per unit mass of dry air is determined from 
h = h a + coh v =c p T + ah g 
= (1 .005 kJ/kg • °C)(20°C) + (0.0129)(2537.4 kJ/kg) 

= 52.78 kJ/kg dry air 
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14-14 A room contains air at specified conditions and relative humidity. The partial pressure of air, the specific humidity, 
and the enthalpy per unit mass of dry air are to be determined. 


Assumptions The air and the water vapor are ideal gases. 

Analysis (a) The partial pressure of dry air can be determined from 

P v =4P g = ^s at @ 20 °c = (0.85)(2.3392 kPa) = 1.988 kPa 
p a =P-P V = 85-1.988 = 83.01 kPa 


(b) The specific humidity of air is determined from 


0.622 P 

co = 

P-P 

1 1 V 


(0.622X1.988 kPa) 
(85-1.988) kPa 


= 0.0149kg H 2 0/kg dry air 



(c) The enthalpy of air per unit mass of dry air is determined from 
h = h a + coh v = c p T + coh g 
= (1 .005 kJ/kg • °C)(20°C) + (0.0149)(2537.4 kJ/kg) 

= 57.90 kJ/kg dry air 


14-15E A room contains air at specified conditions and relative humidity. The partial pressure of air, the specific humidity, 
and the enthalpy per unit mass of dry air are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis (a) The partial pressure of dry air can be determined from 

P v = (j)P g = </>P sat @ 85 o F = (0.60)(0.5966 psia) = 0.358psia 

P a =P- P v = 13.5 - 0.358 = 13. 14 psia 

(b) The specific humidity of air is determined from 

0.622 P v (0.622X0.358 psia) nm . Q1K „ 0/1K , . 

co = = = 0. 0169 lbmH 2 0/lbm dry air 

P-P v (13.5 -0.358) psia 

(c) The enthalpy of air per unit mass of dry air is determined from 

h = h a + coh v = c p T + coh g 

= (0.24 Btu/lbm- °F)(85°F) + (0.0169)(1098.3Btu/lbm) 

= 39.01 Btu/lbmdry air 
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14-16 A tank contains saturated air at a specified temperature and pressure. The mass of dry air, the specific humidity, and 
the enthalpy of the air are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis {a) The mass of dry air can be determined from the ideal gas relation for the dry air, 


m 


a 


py_ 

R a T 


[(105 -4.2469) kPa](8 m 3 ) 
(0.287 kJ/kg.K)(30 + 273. 15 K) 


9.264 kg 


(b) The relative humidity of air is 100 percent since the air saturated. The vapor pressure is equal to the saturation pressure 
of water at 30°C 


P v -P g - P sat @ 30 p C - 4.2469 kPa 

The specific humidity can be determined from 

0.622P (0.622)(4.2469 kPa) 

co = = 

P-P v (105 -4.2469) kPa 


= 0.0262kg H 2 0/kg dry air 


(c) The enthalpy of air per unit mass of dry air is determined from 

h = h a + coh y = c p T + @ 3 o°c 

= (1 .005 kJ/kg • °C)(30°C) + (0.0262)(2555.6 kJ/kg) 

= 97.1 kJ/kg dry air 


AIR 
30°C 
105 kPa 
8 m 3 


14-17 The masses of dry air and the water vapor contained in a room at specified conditions and relative humidity are to be 
determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis The partial pressure of water vapor and dry air are determined to be 
P v =</>P g = #> sat @ 26 o C = (0.50)(3.364 kPa) = 1.682kPa 
P a =P-P v =93 -1.682 = 91.32 kPa 

The masses are determined to be 

W-32u»,yW) = 

RJ (0.287 kPa • m 3 /kg • K)(299 K) 

Py (1.682 kPa)(90m 3 ) , ln , 

m v = = = 1.10 kg 

R V T (0.4615 kPa-m 7kg -K)(299K) 


ROOM 
90 m 3 
26°C 
93 kPa 
50% RH 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 





14-7 


14-18 Humid air is compressed in an isentropic compressor. The relative humidity of the air at the compressor outlet is to be 
determined. 


Assumptions The air and the water vapor are ideal gases. 

Properties The specific heat ratio of air at room temperature is k = 1.4 (Table A-2a). The saturation properties of water are 
to be obtained from water tables. 


Analysis At the inlet, 

P v , i =AP g , i =hP M92 <rc =(0-90X2.3392 kPa) = 2. 105kPa 

0 - 622 p v ,i (0.622X2.105 kPa) TT , . 

co 7 =a>, = = = 0.0134kg HiO/kg dry air 


P-P 


V,1 


(100-2.105) kPa 


Since the mole fraction of the water vapor in this mixture is very small, 

= 531 K 


t 2 =t x 


r p \( k -» /k / Qnn1 D \ O-4/i -4 

=(293K)| 800kPa 




V 


J 


100 kPa 

The saturation pressure at this temperature is 

P g , 2 = ^sat @ 25 ^c = 4 542 kPa (from EES) 


800 kPa 



20°C 
90% RH 


The vapor pressure at the exit is 

^ = (°- 0134 X 80Q ) = l 6 ,87 kPa 

’ co 2 +0.622 0.0134 + 0.622 

The relative humidity at the exit is then 

fa = Til = 1+7 = 0 . 0037 = 0 . 37 % 

p g ,2 4542 
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Dew-Point, Adiabatic Saturation, and Wet-bulb Temperatures 


14-8 


14-19C Dew-point temperature is the temperature at which condensation begins when air is cooled at constant pressure. 


14-20C Andy’s. The temperature of his glasses may be below the dew-point temperature of the room, causing condensation 
on the surface of the glasses. 


14-21 C The outer surface temperature of the glass may drop below the dew-point temperature of the surrounding air, 
causing the moisture in the vicinity of the glass to condense. After a while, the condensate may start dripping down because 
of gravity. 


14-22C When the temperature falls below the dew-point temperature, dew forms on the outer surfaces of the car. If the 
temperature is below 0°C, the dew will freeze. At very low temperatures, the moisture in the air will freeze directly on the 
car windows. 


14-23C When the air is saturated (100% relative humidity). 


14-24C These two are approximately equal at atmospheric temperatures and pressure. 


14-25 A person wearing glasses enters a warm room at a specified temperature and relative humidity from the cold outdoors. 
It is to be determined whether the glasses will get fogged. 

Assumptions The air and the water vapor are ideal gases. 

Analysis The vapor pressure P v of the air in the house is uniform 
throughout, and its value can be determined from 

P v = (j)Pg @ 25 °c = (0.55)(3.1698 kPa) = 1.743 kPa 

The dew-point temperature of the air in the house is 

^dp “ ^sat @ p v ~ ^sat @i. 743 kPa = 15.3°C (Table A-5 or EES) 

That is, the moisture in the house air will start condensing when the air temperature drops below 15.3°C. Since the glasses 
are at a lower temperature than the dew-point temperature, some moisture will condense on the glasses, and thus they will 

get fogged. 
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14-26 A person wearing glasses enters a warm room at a specified temperature and relative humidity from the cold outdoors. 
It is to be determined whether the glasses will get fogged. 

Assumptions The air and the water vapor are ideal gases. 

Analysis The vapor pressure P v of the air in the house is uniform 
throughout, and its value can be determined from 

P v =<tP g@ 25 °c = (0.30)(3. 1698 kPa) = 0.9509 kPa 

The dew-point temperature of the air in the house is 

^dp = ^sat @ p v = ^sat @ o.9509kPa = 6.2°C (Table A-5 or EES) 

That is, the moisture in the house air will start condensing when the air temperature drops below 6.2°C. Since the glasses are 
at a higher temperature than the dew-point temperature, moisture will not condense on the glasses, and thus they will not get 

fogged. 



14-27E A woman drinks a cool canned soda in a room at a specified temperature and relative humidity. It is to be 
determined whether the can will sweat. 

Assumptions The air and the water vapor are ideal gases. 

Analysis The vapor pressure P v of the air in the house is uniform 
throughout, and its value can be determined from 

P v =(pPg@ 7 o>f = (0.38)(0.3633psia) = 0.1381 psia 

The dew-point temperature of the air in the house is 

^dp = ^sat @p v = ^sat @ o.i 38 ipsia = 43.3°F (from EES) 

That is, the moisture in the house air will start condensing when the air temperature drops below 43.3°C. Since the canned 
drink is at a lower temperature than the dew-point temperature, some moisture will condense on the can, and thus it will 

sweat. 
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14-28 The dry- and wet-bulb temperatures of atmospheric air at a specified pressure are given. The specific humidity, the 
relative humidity, and the enthalpy of air are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis (a) We obtain the properties of water vapor from EES. The specific humidity co x is determined from 

c p (^2 _7 l) + 

CO 1 = 

h gl - h f 2 

where T 2 is the wet-bulb temperature, and CO 2 is determined from 

0.622.P 2 (0.622X1 .938 kPa) nnloncl „ n;l , . 

co ? = = = 0.01295kg Ho O/kg dry air 

P 2 -P g 2 (95 -1.938) kPa 


95 kPa 
25°C 

T wb = 17°C 


Thus, 


(1.005 kJ/kg • °C)(17 - 25)°C + (0.01295)(2460.6kJ/kg) 
(2546.5- 71.36) kJ/kg 


= 0.00963kg H 2 0/kg dry air 


(b) The relative humidity fa is determined from 



a>\P\ 

(0.622 + (D x )P gl 


(0.00963X95 kPa) 
(0.622 + 0.00963)(3. 1698 kPa) 


= 0.457 


or 45.7% 


(c) The enthalpy of air per unit mass of dry air is determined from 

h \ =K\ +( °\K\ 

— c p T\ +CD\h gX 

= (1.005 kJ/kg •°C)(25°C) + (0.00963X2546. 5 kJ/kg) 

= 49.65 kJ/kg diy air 
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14-29 The dry- and wet-bulb temperatures of air in room at a specified pressure are given. The specific humidity, the relative 
humidity, and the dew-point temperature are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis (a) We obtain the properties of water vapor from EES. The specific humidity coj is determined from 

C P (?2 ~ T \) + 

CO 1 = 

h gl - h f 2 

where T 2 is the wet-bulb temperature, and CO 2 is determined from 

0.622P 2 (0.622X2.488 kPa) nMeon , TT ^ , . 

co 1 = = = 0.01587 kg H 7 O/kg dry air 

P 2 -P g2 (100- 2.488) kPa 


100 kPa 
26°C 

T wb = 21°C 


Thus, 


CO] = 


(1.005 kJ/kg • °C)(21 - 26)°C + (0.01587)(2451.2kJ/kg) 


(2548.3- 88.10) kJ/kg 

( b ) The relative humidity (j) x is determined from 

co x P x (0.01377)(100 kPa) 


= 0.01377kg H 2 0/kg dry air 


cj) x = 


(0.622 + co x )P gX (0.622 + 0.01377)(3.3638 kPa) 

(c) The vapor pressure at the inlet conditions is 

P v 1 =faP g i =faP s *@ 26 °c =(0-644X3.3638 kPa) = 2.166 kPa 

Thus the dew-point temperature of the air is 


= 0.644 or 64.4% 


^dp ~ ^sat @ P v ~ ^sat @ 2. 1 66kPa “ 18.8°C 
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14-30 



Problem 14-29 is reconsidered. The required properties are to be determined using EES at 100 and 300 kPa 


pressures. 


Analysis The problem is solved using EES, and the solution is given below. 


Tdb=26 [C] 

Twb=21 [C] 

PI =100 [kPa] 

P2=300 [kPa] 

h1=enthalpy(AirH20,T=Tdb,P=P1 ,B=Twb) 
vl =volume(AirH20,T=Tdb,P=P1 ,B=Twb) 
Tdpl =dewpoint(AirH20,T=Tdb,P=P1 ,B=Twb) 
wl =humrat(AirH20,T=Tdb,P=P1 ,B=Twb) 
Rh1=relhum(AirH20,T=Tdb,P=P1 ,B=Twb) 

h2=enthalpy(AirH20,T=Tdb,P=P2,B=Twb) 

v2=volume(AirH20,T=Tdb,P=P2,B=Twb) 

Tdp2=dewpoint(AirH20,T=Tdb,P=P2,B=Twb) 

w2=humrat(AirH20,T=Tdb,P=P2,B=Twb) 

Rh2=relhum(AirH20,T=Tdb,P=P2,B=Twb) 

SOLUTION 

hi =6 1.25 [kJ/kg] 
h2=34.16 [kJ/kg] 

PI =100 [kPa] 

P2=300 [kPa] 

Rhl=0.6437 
Rh2=0.4475 
Tdb=26 [C] 

Tdpl=18.76 
Tdp2=13.07 
Twb=21 [C] 
vl=0.8777 [m A 3/kg] 
v2=0.2877 [m A 3/kg] 
wl=0. 01376 [kg/kg] 
w2=0.003136 [kg/kg] 


Alternative Solution 

The following EES routine can also be used to solve this problem. The above EES routine uses built-in psychrometric 
functions whereas the one below uses analytical expressions together with steam properties. 


"Given" 

T_db=26 [C] 

T_wb=21 [C] 

P=100 [kPa] 

"Properties" 

Fluid$='steam_iapws' 
P_g1=pressure(Fluid$, T=T_db, x=1) 
P_g2=pressure(Fluid$, T=T_wb, x=1) 
h_g1=enthalpy(Fluid$, T=T_db, x=1) 
h_g2=enthalpy(Fluid$, T=T_wb, x=1) 
h_f2=enthalpy(Fluid$, T=T_wb, x=0) 
h_fg2=h_g2-h_f2 
c_p=1 .005 [kJ/kg-C] "for air" 
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"Analysis" 

"(a)" 

w_2=(0.622*P_g2)/(P-P_g2) "kg H20/kg dry air" 
w_1 =(c_p*(T_wb-T_db)+w_2*h_fg2)/(h_g1-h_f2) 
"(b)" 

phi_1 =(w_1 *P)/((0.622+w_1 )*P_g1 ) 

"(c)" 

P_v1=phi_1*P_g1 

T_dp=temperature(Fluid$, P=P_v1, x=1) 

SOLUTION 

c_p= 1.005 [kJ/kg-C] 

Fluid$='steam_iapws' 
h_f2=88. 1 [kJ/kg] 
h_fg2=245 1 .2 [kJ/kg] 
h_g 1=2548. 3 [kJ/kg] 
h_g2=2539.3 [kJ/kg] 

P=100 [kPa] 
phi_l =0.6439 
P_gl=3.3638 [kPa] 

P_g2=2.488 [kPa] 

P_vl=2.166 [kPa] 

T_db=26 [C] 

T_dp=18.8 [C] 

T_wb=2 1 [C] 
w_l=0. 01377 
w 2=0.01587 
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14-31E The dry- and wet-bulb temperatures of air in room at a specified pressure are given. The specific humidity, the 
relative humidity, and the dew-point temperature are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis (a) The specific humidity C 0 \ is determined from 

c p (^2 ~ T \ ) + ^2^/g2 
(0 1 = 

h gl ~ h f 2 

where T 2 is the wet-bulb temperature, and a >2 is determined from 

0-622 P 2 (0.622X0.30578 psia) TT J . 

co ? = — = = 0.01359 lbmH ? 0/lbm dry air 

P 2 ~P g 2 (14.3 -0.30578) psia 


14.3 psia 
75°F 

T wb = 65 °F 


Thus, 


(0.24 Btu/lbm- °F)(65 - 75)°F + (0.01359)(1056.5 Btu/lbm) 
(1093.9 -33.08) Btu/lbm 


= 0.01127 lbmH 2 0/lbmdry air 


(b) The relative humidity (j) x is determined from 

*= ^ = (0-01127X14.3p S1 a) or g9 _ 2% 

(0.622 + co x )P gl (0.622 + 0.01 127)(0.4302 psia) 

(c) The vapor pressure at the inlet conditions is 

P v i =0\P g i =^i^ > sat@ 75 °F = (0.591 8)(0.4302 psia) =0.2546 psia 

Thus the dew-point temperature of the air is 

T dp = r sat @P V = r sat @ 0 . 2546 psia = 59 -8°F (from EES) 
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14-32 Atmospheric air flows steadily into an adiabatic saturation device and leaves as a saturated vapor. The relative 
humidity and specific humidity of air are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 =m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis The exit state of the air is completely specified, and the total pressure is 98 kPa. The properties of the moist air at 
the exit state may be determined from EES to be 


h 2 = 78.11 kJ/kg dry air 

co 2 = 0.02079 kg H 2 0/kg dry air 

The enthalpy of makeup water is 

h w2 =hj-@ 25 o C = 104.83 kJ/kg (T able A - 4) 

An energy balance on the control volume gives 

h x +(cq 2 - co x )h w =h 2 

h x + (0.02079 - co x X104.83 kJ/kg) = 78.1 1 kJ/kg 


| Water 
\ 25 °C 



Pressure and temperature are known for inlet air. Other properties may be determined from this equation using EES. A hand 
solution would require a trial-error approach. The results are 

h x = 77.66 kJ/kg dry air 

co x -0.01654kgH 2 0/kgdry air 
<j) x -0.4511 


Psychrometric Chart 


14-33C They are very nearly parallel to each other. 


14-34C The saturation states (located on the saturation curve). 


14-35C By drawing a horizontal line until it intersects with the saturation curve. The corresponding temperature is the dew- 
point temperature. 


14-36C No, they cannot. The enthalpy of moist air depends on co, which depends on the total pressure. 
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14-37E The pressure, temperature, and relative humidity of air in a room are specified. Using the psychrometric chart, the 
specific humidity, the enthalpy, the wet-bulb temperature, the dew-point temperature, and the specific volume of the air are 
to be determined. 

Analysis From the psychrometric chart (Fig. A-31) we read 

(a) co = 0.0165 lbm H 2 0 / lbm dry air 

( b ) h = 37.8 Btu / lbm dry air 

(c) T wb = 74.3°F 

(d) r dp =71.3°F 

(e) v = 14.0 fl 3 /lbm dry air 



14-38E Problem 14-37E is reconsidered. The required properties are to be determined using EES. Also, the 

properties are to be obtained at an altitude of 5000 ft. 

Analysis The problem is solved using EES, and the solution is given below. 


Tdb=82 [F] 

Rh=0.70 
P1=14.696 [psia] 

Z = 5000 [ft] 

Zeqv=Z*convert(ft,m) 

P2=101.325*(1-0.02256*Zeqv/1000) A 5.256*convert(kPa,psia) 
"Relation giving P as a function of altitude" 

h1=enthalpy(AirH20,T=Tdb,P=P1 ,R=Rh) 
v1=volume(AirH20,T=Tdb,P=P1 ,R=Rh) 
Tdp1=dewpoint(AirH20,T=Tdb,P=P1,R=Rh) 
w1=humrat(AirH20,T=Tdb,P=P1 ,R=Rh) 
Twb1=wetbulb(AirH20,T=Tdb,P=P1 ,R=Rh) 

h2=enthalpy(AirH20,T=Tdb,P=P2,R=Rh) 

v2=volume(AirH20,T=Tdb,P=P2,R=Rh) 

Tdp2=dewpoint(AirH20,T=Tdb,P=P2,R=Rh) 

w2=humrat(AirH20,T=Tdb,P=P2,R=Rh) 

Twb2=wetbulb(AirH20,T=Tdb,P=P2,R=Rh) 

SOLUTION 


h1=37.78 [Btu/lbm] 
P1=14.7 [psia] 

Rh=0.7 

Tdp1=71 .25 [F] 

Twbl =74.27 [F] 
v1=14.02 [ft A 3/lbm] 
w1=0. 01647 [Ibm/lbm] 
Z=5000 [ft] 


h2=41 .54 [Btu/lbm] 
P2=12.23 [psia] 
Tdb=82 [F] 

Tdp2=71 .25 [F] 
Twb2=73.89 [F] 
v2=16.94 [ft A 3/lbm] 
w2=0.0199 [Ibm/lbm] 
Zeqv=1524 [m] 
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14-39 The pressure and the dry- and wet-bulb temperatures of air in a room are specified. Using the psychrometric chart, the 
specific humidity, the enthalpy, the relative humidity, the dew-point temperature, and the specific volume of the air are to be 
determined. 

Analysis From the psychrometric chart (Fig. A-31) we read 

(a) co = 0.0092 kg H 2 O / kg dry air 

( b ) h = 47.6 kJ / kg dry air 

(c) (j) = 49.6% 

(d) T dp = 12.8°C 

(e) v = 0. 855 m 3 / kg diy air 


14-40 



Problem 14-39 is reconsidered. The required properties are to be determined using EES. Also, the properties 


are to be obtained at an altitude of 3000 m. 


Analysis The problem is solved using EES, and the solution is given below. 


Tdb=24 [C] 

Twb=17 [C] 

PI =1 01 .325 [kPa] 

Z = 3000 [m] 

P2=101.325*(1-0.02256*Z*convert(m,km)) A 5.256 "Relation giving P as function of altitude" 

h1=enthalpy(AirH20,T=Tdb,P=P1 ,B=Twb) 
v 1 =volume(AirH20,T=Tdb,P=P1 ,B=Twb) 

Tdp1=dewpoint(AirH20,T=Tdb,P=P1 ,B=Twb) 
wl =humrat(AirH20,T=Tdb,P=P1 ,B=Twb) 

Rh1=relhum(AirH20,T=Tdb,P=P1 ,B=Twb) 

h2=enthalpy(AirH20,T=Tdb,P=P2,B=Twb) 

v2=volume(AirH20,T=Tdb,P=P2,B=Twb) 

Tdp2=dewpoint(AirH20,T=Tdb,P=P2 J B=Twb) 

w2=humrat(AirH20,T=Tdb,P=P2,B=Twb) 

Rh2=relhum(AirH20,T=Tdb,P=P2,B=Twb) 


SOLUTION 

hi =47. 61 [kJ/kg] 
Pl=101.3 [kPa] 
Rhl=0.4956 
Tdb=24 [C] 
Tdp2=14.24 [C] 
v 1=0.8542 [m A 3/kg] 
wl=0. 009219 [kg/kg] 
Z=3000 [m] 


h2=61.68 [kJ/kg] 
P2=70.1 1 [kPa] 
Rh2=0.5438 
Tdpl=12.81 [C] 
Twb=17 [C] 
v2= 1.245 [m A 3/kg] 
w2=0. 01475 [kg/kg] 


Discussion The atmospheric pressure for a given elevation can also be obtained from Table A- 16 of the book. 
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14-41 The pressure, temperature, and wet-bulb temperature of air are specified. Using the psychrometric chart, the relative 
humidity, specific humidity, the enthalpy, the dew-point temperature, and the water vapor pressure are to be determined. 

Analysis From the psychrometric chart in Fig. A-3 1 or using EES psychrometric functions we obtain 

(a) 0 = 0.480 = 48.0% 

(b) ^ = 0.0113kgH 2 0/kgdry air 

(c) h = 57.1 kJ/kg dry air 
id) T dp = 16.0°C 

(e) P v =</>P g =$P sat@ 28 o C =(0.480)(3.783kPa) = 1.82kPa 


Air 
1 atm 
28°C 

r wh =20°c 


14-42 The pressure, temperature, and wet-bulb temperature of air are specified. The adiabatic saturation temperature is to be 
determined. 


Analysis For an adiabatic saturation process, we obtained Eq. 14-14 in the text, 

C p (^2 ~ T \) + C0 2hf g 2 
(0] = 

h gl ~ k f 2 

This requires a trial-error solution for the adiabatic saturation 
temperature, T 2 . The inlet state properties are 

co x = 0.01 14 kg H 2 0/ kg dry air 


1 atm 
28°C 

r wb =20°c 


| Water 
cy\ Humidifier 


AIR 


100 % 



hg\ —h g @ 28 o C — 255 1 .9 kJ/kg 


As a first estimate, let us take T 2 =20°C (the inlet wet-bulb temperature). Also, at the exit, the relative humidity is 100% 
{(/) 2 = 1 ) and the pressure is 1 atm. Other properties at the exit state are 

co 2 = 0.0147 kg H 2 0/ kg dry air 

hj 2 = hf@ 20 o C = 83.915 kJ/kg (T able A - 4) 
hfg2 = hfg @ 20°c = 2453.5 kJ/kg (T able A - 4) 

Substituting, 

. c r iT,-T^^ m = (1.005X20-28) + (0.0147X2453.5) = „ , 0n4k g H , Q/kg ^ „. 
h g i-h f2 2551.9-83.915 

which is equal to the inlet specific humidity. Therefore, the adiabatic saturation temperature is 
T 2 = 20°C 

Discussion This result is not surprising since the wet-bulb and adiabatic saturation temperatures are approximately equal to 
each other for air-water mixtures at atmospheric pressure. 
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14-43E The pressure, temperature, and wet-bulb temperature of air are specified. Using the psychro metric chart, the relative 
humidity, specific humidity, the enthalpy, the dew-point temperature, and the water vapor pressure are to be determined. 

Analysis From the psychro metric chart in Fig. A-31E or using EES psychro metric functions we obtain 

(a) (j) — 0.615 = 61.5% 

(/?) <59 = 0.0188 lbmH 2 0/ lbm dry air 

(c) h = 42.3 Btu/lbmdry air 

(d) T wb = 78.9°F 

(e) P v = <jP g = <pP s . dt @ 28 °c = (0.6 15)( 0.69904 psia) = 0.430 psia 


Air 
1 atm 
90°F 
T dp =75°F 


14-44E The pressure, temperature, and wet-bulb temperature of air are specified. The adiabatic saturation temperature is to 
be determined. 


Analysis For an adiabatic saturation process, we obtained Eq. 14-14 in the text, 

c p (^2 + C0 2hf g 2 


co x = 


h g\ h f2 


This requires a trial-error solution for the adiabatic saturation 
temperature, T 2 . The inlet state properties are 

g>! = 0.0188 lbmH 2 0/lbmdiy air (Fig. A-31E) 
h g i = /z ? @ 900 F = 1 100.4 Btu/lbm (Table A-4E) 


1 atm 
90°F 
7d P =75°F 


| Water 
m Humidifier 


AIR 


-► 100 % 


As a first estimate, let us take T 2 =78.9°F « 79°F (the inlet wet-bulb temperature). Also, at the exit, the relative humidity is 
100% {(/) 2 = 1 ) and the pressure is 1 atm. Other properties at the exit state are 

co 2 = 0.0215 lbmH 2 0/ lbm dry air 


hj 2 = hj@ 79 o F = 47.07 Btu/lbm (T able A - 4E) 
h / g 2 = hj g @ 79 o F = 1048.6 Btu/lbm (T able A - 4E) 

Substituting, 

c p (T 2 -Tp + o) 2 h fg2 (0.240)(79 -90) + (0.0215)(1048.6) nnioniu TT ^ /1U , 

co ] = = = 0.0189 lbm Ho O/ lbm dry 

h gl -h f 2 1100.4-47.07 

which is sufficiently close to the inlet specific humidity (0.0188). Therefore, the adiabatic saturation 


air 

temperature is 


T 2 = 79°F 


Discussion This result is not surprising since the wet-bulb and adiabatic saturation temperatures are approximately equal to 
each other for air-water mixtures at atmospheric pressure. 
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Human Comfort and Air-Conditioning 

14-45C It humidifies, dehumidifies, cleans and even deodorizes the air. 


14-46C ( a ) Perspires more, ( b ) cuts the blood circulation near the skin, and (c) sweats excessively. 


14-47C It is the direct heat exchange between the body and the surrounding surfaces. It can make a person feel chilly in 
winter, and hot in summer. 


14-48C It affects by removing the warm, moist air that builds up around the body and replacing it with fresh air. 


14-49C The spectators. Because they have a lower level of activity, and thus a lower level of heat generation within their 
bodies. 


14-50C Because they have a large skin area to volume ratio. That is, they have a smaller volume to generate heat but a 
larger area to lose it from. 


14-51C It affects a body’s ability to perspire, and thus the amount of heat a body can dissipate through evaporation. 


14-52C Humidification is to add moisture into an environment, dehumidification is to remove it. 


14-53C The metabolism refers to the burning of foods such as carbohydrates, fat, and protein in order to perform the 
necessary bodily functions. The metabolic rate for an average man ranges from 108 W while reading, writing, typing, or 
listening to a lecture in a classroom in a seated position to 1250 W at age 20 (730 at age 70) during strenuous exercise. The 
corresponding rates for women are about 30 percent lower. Maximum metabolic rates of trained athletes can exceed 2000 
W. We are interested in metabolic rate of the occupants of a building when we deal with heating and air conditioning 
because the metabolic rate represents the rate at which a body generates heat and dissipates it to the room. This body heat 
contributes to the heating in winter, but it adds to the cooling load of the building in summer. 


14-54C Sensible heat is the energy associated with a temperature change. The sensible heat loss from a human body 
increases as (a) the skin temperature increases, ( b ) the environment temperature decreases, and (c) the air motion (and thus 
the convection heat transfer coefficient) increases. 
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14-55C Latent heat is the energy released as water vapor condenses on cold surfaces, or the energy absorbed from a warm 
surface as liquid water evaporates. The latent heat loss from a human body increases as (a) the skin wetness increases and 
( b ) the relative humidity of the environment decreases. The rate of evaporation from the body is related to the rate of latent 
heat loss by Q latent = m yapor hf g where h jg is the latent heat of vaporization of water at the skin temperature. 


14-56 A department store expects to have a specified number of people at peak times in summer. The contribution of people 
to the sensible, latent, and total cooling load of the store is to be determined. 

Assumptions There is a mix of men, women, and children in the classroom. 

Properties The average rate of heat generation from people doing light work is 1 15 W, and 70% of is in sensible form (see 
Sec. 14-6). 

Analysis The contribution of people to the sensible, latent, and total cooling load of the store are 

2peopie,totai = (No. of people) x Q pcrMinJola , = 245 X (1 15 W) = 28,180 W 
Gpeopie, sensible = (No. of people) x d peKOn , sensible = 245 x (0.7 x 1 15 W) = 19,720 W 
Gpeopie, latent = (No. of people) x 2 pcrion Jatent = 245 x (0.3 x 1 15 W)= 8450 W 


14-57E There are a specified number of people in a movie theater in winter. It is to be determined if the theater needs to be 
heated or cooled. 

Assumptions There is a mix of men, women, and children in the classroom. 

Properties The average rate of heat generation from people in a movie theater is 105 W, and 70 W of it is in sensible form 
and 35 W in latent form. 

Analysis Noting that only the sensible heat from a person contributes to the heating load of a building, the contribution of 
people to the heating of the building is 

G P eo P ie,sensibie = (No. of people) x g pL .,, ()n , senslh | e = 500 x (70 W) = 35,000 W = 119,420 Btu/h 

since 1 W = 3.412 Btu/h. The building needs to be heated since the heat gain from people is less than the rate of heat loss of 
130,000 Btu/h from the building. 
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14-58 The infiltration rate of a building is estimated to be 1.2 ACH. The sensible, latent, and total infiltration heat loads of 
the building at sea level are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air infiltrates at the outdoor conditions, and exfiltrates at the indoor 
conditions. 3 Excess moisture condenses at room temperature of 24°C. 4 The effect of water vapor on air density is 
negligible. 

Properties The gas constant and the specific heat of air are R = 0.287 kPa.m 3 /kg.K and c p = 1.005 kJ/kg-°C (Table A-2). The 
heat of vaporization of water at 24°C is hj g = hj- g @ 2 4 °c = 2444.1 kJ/kg (Table A-4). The properties of the ambient and 

room air are determined from the psychrometric chart (Fig. A-3 1 or EES) to be 


t =2?°r 

1 ambient ^ 

^ambient “35% 


M’ambient =0-01039kg/kg dryair 


T mom = 24° C 
Korn = 55 % 


> w 


room 


= 0.0 1024 kg/kg dry air 


Analysis Noting that the infiltration of ambient air will cause the air in the cold storage room to be changed 0.9 times every 
hour, the air will enter the room at a mass flow rate of 


Pn 


/^ambient 


RTr 


101.325 kPa 

(0.287 kPa.m 3 /kg.K)(32 + 273 K) 


1.158kg/m 3 


m air = /7 ambient t/ Ioom ACH = (1. 158 kg/m 3 )(20 x 1 3 x 3 m 3 )(1 . 2 h 4 ) = 1 084 kg/h = 0.30 1 0 kg/s 
Then the sensible, latent, and total infiltration heat loads of the room are determined to be 

^infiltration, sensible = ™airC p (T’amb.ent “ T mom ) = (0.3010 kg/s)(l .005 kJ/kg.°C)(32 - 24)°C = 2.42 kW 

2in filtration, latent — ^air (^ambient -^room)^@24"C =(0-3010 kg/s)(0.01039-0.01024)(2444.1 kJ/kg) = 0.110 kW 

2in filtration, total = 2in filtration, sensible 2in filtration, latent = 2.42 + 0.1 10 = 2.53 kW 

Discussion The specific volume of the dry air at the ambient conditions could also be determined from the psychrometric 
chart at ambient conditions. 
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14-59 The infiltration rate of a building is estimated to be 1.8 ACH. The sensible, latent, and total infiltration heat loads of 
the building at sea level are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air infiltrates at the outdoor conditions, and exfiltrates at the indoor 
conditions. 3 Excess moisture condenses at room temperature of 24°C. 4 The effect of water vapor on air density is 
negligible. 

Properties The gas constant and the specific heat of air are R = 0.287 kPa.m 3 /kg.K and c p = 1.005 kJ/kg-°C (Table A-2). The 
heat of vaporization of water at 24°C is hj g = h^@ 24 o C = 2444.1 kJ/kg (Table A-4). The properties of the ambient and 

room air are determined from the psychro metric chart (Fig. A-31) to be 


t =3?°r 

1 ambient ^ 

^ambient “35% 


M’ambient =0-01039kg/kg dryair 


T mom = 24° C 

Korn = 55 % 


> w 


room 


= 0.0 1024 kg/kg dry air 


Analysis Noting that the infiltration of ambient air will cause the air in the cold storage room to be changed 1.8 times every 
hour, the air will enter the room at a mass flow rate of 


Pn 


/^ambient 


RTr 


101.325 kPa 

(0.287 kPa.m 3 /kg.K)(32 + 273 K) 


1.158kg/m 3 


m air = /7 ambient t / Ioom ACH = (1.158 kg/m 3 )(20 x 1 3 x 3 m 3 )(1 . 8 h 1 ) = 1625 kg/h = 0.45 14 kg/s 
Then the sensible, latent, and total infiltration heat loads of the room are determined to be 


Sin filtration, sensible ^ai A /? (Ambient - T mom ) = (0.45 14 kg/s)(l .005 kJ/kg. °C)(32 - 24)°C = 3.63 kW 
^infiltration, latent — ^air (^ambient - w room )h fg = (0.45 14 kg/s)(0.01039 - 0.0 1024) (2444. lkJ/kg) = 0.166 kW 


^infiltration, total Sin filtration, sensible Sin filtration, latent 


= 3.63 + 0.166 = 3.80kW 


Discussion The specific volume of the dry air at the ambient conditions could also be determined from the psychrometric 
chart at ambient conditions. 


14-60 An average person produces 0.25 kg of moisture while taking a shower. The contribution of showers of a family of 
four to the latent heat load of the air-conditioner per day is to be determined. 

Assumptions All the water vapor from the shower is condensed by the air-conditioning system. 

Properties The latent heat of vaporization of water is given to be 2450 kJ/kg. 

Analysis The amount of moisture produced per day is 

m v apor = (Moisture produced per person)(No. of persons) 

= (0.25 kg / person)(4 persons / day) = 1 kg / day 

Then the latent heat load due to showers becomes 

Ciatent = "'vapor h f g = ( 1 k g / day)(2450 kj / kg) = 2450 kj / day 
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14-61 There are 100 chickens in a breeding room. The rate of total heat generation and the rate of moisture production in 
the room are to be determined. 

Assumptions All the moisture from the chickens is condensed by the air-conditioning system. 

Properties The latent heat of vaporization of water is given to be 2430 kJ/kg. The average metabolic rate of chicken during 
normal activity is 10.2 W (3.78 W sensible and 6.42 W latent). 

Analysis The total rate of heat generation of the chickens in the breeding room is 

2gen, total = <7 g en, total (No. of chickens) = (10.2 W / chicken)(100 chickens) = 1020 W 
The latent heat generated by the chicken and the rate of moisture production are 

Sgen, latent — ^gen, latent (No. of chickens) 

= (6.42 W/chicken)(100 chickens) = 642 W 
= 0.642kW 


777 

moisture 


Q 


gen, latent 



Q ' 642 kJ ' S = 0.000264 kg / s = 0.264 g / s 
2430 kJ/kg 


Simple Heating and Cooling 


14-62C Relative humidity decreases during a simple heating process and increases during a simple cooling process. 
Specific humidity, on the other hand, remains constant in both cases. 


14-63C Because a horizontal line on the psychrometric chart represents a co = constant process, and the moisture content co 
of air remains constant during these processes. 
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14-64 Air enters a heating section at a specified state and relative humidity. The rate of heat transfer in the heating section 
and the relative humidity of the air at the exit are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 


Analysis {a) The amount of moisture in the air remains constant (co x = coz) as it flows through the heating section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 95 kPa. The properties of the air are determined to be 


P V 1 = hPgi = f^sat@i2°c - (0.3X1.403 kPa) = 0.421 kPa 

P al = P l - P vl = 95 - 0.421 = 94.58 kPa 

_R a T l _ (0.287 kPa • m 3 / kg • K)(285 K) 

1 ~ P a i ~ 94.58 kPa 

= 0.8648 m 3 / kg dry air 

0.622 P vl 0.622(0.421 kPa) 

CO \ — — 

P x -P vX (95- 0.421) kPa 

= 0.002768kg H 2 0/kg dry air (= co 2 ) 
h x = c p T x + co x h gX 

= (1.005 kJ/kg- °C)(12°C) + (0.002768)(2522.9 kJ/kg) 
= 19.04 kJ/kg dry air 

^2 = c p T 2 + ^2^g2 

= (1 .005 kJ/kg • °C)(25°C) + (0.002768)(2546.5 kJ/kg) 
= 32.17 kJ/kg dry air 



Also, 


m a\ = 




(/l 


6m/ min 

0.8648 m 3 / kg dry air 


6.938 kg/min 


Then the rate of heat transfer to the air in the heating section is determined from an energy balance on air in the heating 
section to be 


fin = rh a (h 2 -h x ) = (6.938 kg/min)(32. 17-19.04) kJ/kg = 91.1kJ/mm 


( b ) Noting that the vapor pressure of air remains constant (P v2 = P vX ) during a simple heating process, the relative humidity 
of the air at leaving the heating section becomes 



P 


v2 


P 


8^ 


P 


v2 


P t . 


sat@25°C 


0.421 kPa 
3. 1698 kPa 


0.133 or 13.3% 
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14-65 Humid air at a specified state is cooled at constant pressure to the dew-point temperature. The cooling required for 
this process is to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis The amount of moisture in the air remains constant {co x = co 2 ) as it flows through the cooling section since the 
process involves no humidification or dehumidification. The inlet and exit states of the air are completely specified, and the 
total pressure is 1 atm. The properties of the air at the inlet state are determined from the psychrometric chart (Figure A-31 
or EES) to be 

h x - 76. 1 kJ/kg dry air 
co x = 0.0159 kg H 2 0/kg dry air (=co 2 ) 

7’ d p,i=21.3° c 

The exit state enthalpy is 
P = 1 atm 

T 2 =T dp X = 2l3°C h 2 =61 .9 kJ/kg dry air 

h =1 

From the energy balance on air in the cooling section, 

9out = \ ~ h i = 76.1 -61.9 = 1 4. 2kJ/kgdry air 
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14-66E Humid air at a specified state is heated at constant pressure to a specified temperature. The relative humidity at the 
exit and the amount of heat required are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m al = m a2 = rii a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis The amount of moisture in the air remains constant {co i = co 2 ) as it flows through the heating section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 40 psia. The properties of the air at the inlet and exit states are determined to be 


P v i =<k p g\ =^iAat@ 50 °F = (0.90)(0. 17812 psia) = 0.16031 psia 
h g 1 =h g@ 50 °f = 1083.1 Btu/lbm 

0.622 P vl 0.622(0.16031 psia) 

CO] — — 

P x - P vl (40 -0.16031) psia 
= 0. 002503 lbm H 2 O/lbm dry air 
hi =c p T { + C 0 \h g{ 



= (0.240 Btu/lbm- °F)(50°F) + (0.002503)(1083. 1 Btu/lbm) 


= 14.71 Btu/lbm dry air 


Pv 2 = 
P ,2 = 

$2 ~ 
h g2 = 

co 2 = 
hn = 


P vX = 0.1 6031 psia 
^sat @ 1 2Cpf ~ 1 -695 1 psia 
P v 2 0.1 6031 psia 


P g 2 1.6951 psia 


= 0.0946 = 9.46% 


h g @ 12 CPF =11 13.2 Btu/lbm 
= co { 

= c p T 2 +co 2 h g2 

= (0.240 Btu/lbm- °F)(120°F) + (0.002503)(1 113.2 Btu/lbm) 


= 3 1 .59 Btu/lbmdry air 

From the energy balance on air in the heating section, 

q m =h 2 -h x =31. 59-14.71 = 16. 9Btu/lbm dry air 
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14-67 Air enters a cooling section at a specified pressure, temperature, velocity, and relative humidity. The exit temperature, 
the exit relative humidity of the air, and the exit velocity are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 — m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 


Analysis (a) The amount of moisture in the air remains constant (co\ = co 2 ) as it flows through the cooling section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 1 atm. The properties of the air at the inlet state are determined from the psychrometric chart (Figure A-31 or 
EES) to be 


h x = 76. 14 kJ/kg dry air 

co x = 0.01594 kg H 2 0/kg dry air (= co 2 ) 

c/j = 0.8953 m 3 / kg dry air 

The mass flow rate of dry air through the cooling section is 

m a = — V 1 A l 

= l — (18m/s)0rx0.3 2 /4m 2 ) 

(0.8953m 3 /kg) 

= 1.421 kg/s 



From the energy balance on air in the cooling section, 

-Gout = rh a (h 2 ~ h 0 

- (750 / 60) kJ/s = (1.421 kg/s )(/?, - 76. 1 4 ) kJ/kg 
h 2 = 67.35 kJ/kg dry air 


(b) The exit state of the air is fixed now since we know both h 2 and coi. From the psychrometric chart at this state we read 


T 2 = 26.5°C 
(j) 2 =73.1% 

c/ 2 = 0.8706 m 3 / kg dry air 


(c) The exit velocity is determined from the conservation of mass of dry air, 


K\ 

Vi 



^2 




0 X 0 2 V X A v 2 a 

— > — = — > = 

1/j i/ 2 c/j t/ 2 

0.8706 /N , 

= (18 m/s) = 17.5 m/s 

0.8953 
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14-68 Air enters a cooling section at a specified pressure, temperature, velocity, and relative humidity. The exit temperature, 
the exit relative humidity of the air, and the exit velocity are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 — m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 


Analysis (a) The amount of moisture in the air remains constant (co\ = co 2 ) as it flows through the cooling section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 1 atm. The properties of the air at the inlet state are determined from the psychrometric chart (Figure A-31 or 
EES) to be 


h x = 76. 14 kJ/kg dry air 

co x = 0.01594 kg H 2 0/kg dry air (= co 2 ) 

c/j = 0.8953 m 3 / kg dry air 

The mass flow rate of dry air through the cooling section is 
m a = — V 1 A l 

= l — (18m/s)0rx0.3 2 /4m 2 ) 

(0.8953m 3 /kg) 

= 1.421 kg/s 




From the energy balance on air in the cooling section, 

-Qout=™a( h 2 ~ h 0 

- (950 / 60) kJ/s = (1 . 42 1 kg/s ){h 2 - 76. 1 4 ) kJ/kg 
h 2 = 65.00 kJ/kg dry air 


( b ) The exit state of the air is fixed now since we know both h 2 and coi. From the psychrometric chart (or EES) at this state 
we read 

T 2 = 24.3°C 
(f) 2 = 83.6% 

c/ 2 = 0.8641m 3 / kg dry air 


(c) The exit velocity is determined from the conservation of mass of dry air, 


Vi 



1/2 


Vi 


0 X 0, V X A v 2 a 

— > — = — > = 

</j </ 2 c/j t / 2 

= (1 8 m/s) = 17.4 m/s 

0.8953 
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14-69E Air enters a heating section at a specified pressure, temperature, velocity, and relative humidity. The exit 
temperature of air, the exit relative humidity, and the exit velocity are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 =m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis {a) The amount of moisture in the air remains constant (co\ = &> 2 ) as it flows through the heating section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 1 atm. The properties of the air at the inlet state are determined from the psychrometric chart (Figure A-31E) to 
be 


h x =15.3 Btu/lbmdry air 

(o x = 0.0030 lbm H 2 0/lbmdry air (= co 2 ) 

i/j = 12.9 ft 3 / lbm dry air 

The mass flow rate of dry air through the heating section is 
1 


m a = —V x A x 





50°F 

1 atm — ► AIR 

40% RH 


D = 

25 ft/s 

^vvvwvvvy 


i 

[ 4 kW 



= 15 in © 


i/, 


1 


(25 ft/s)( 7i x (15/12) 2 /4 ft 2 ) = 2.38 lbm/s 


(12.9ft /lbm) 

From the energy balance on air in the heating section, 


2, n =m a (h 2 -h x ) 


4kW 


0.9478 Btu/s 


\ 


lkW 


= (2.381bm/s ){h 2 - 15.3)Btu/lbm 
h 2 = 16.9 Btu/lbmdry air 

The exit state of the air is fixed now since we know both h 2 and coi. From the psychrometric chart at this state we read 

T 2 = 56.6°F 

(b) 0 2 =31.4% 

c/ 2 = 13.1ft 3 / lbm dry air 

(c) The exit velocity is determined from the conservation of mass of dry air, 

V X A V 2 A 


m a\ = m a 2 


c / 2 


(/, 1/ 


t/l 1/ 


Thus, 


«/ 9 

^ 2 =— V 1 = 

(/t 


13.1 

12.9 


(25 ft/s) = 25.4ft/s 
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Heating with Humidification 


14-31 


14-70C To achieve a higher level of comfort. Very dry air can cause dry skin, respiratory difficulties, and increased static 
electricity. 


14-71 Air is first heated and then humidified by water vapor. The amount of steam added to the air and the amount of heat 
transfer to the air are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m al = m a2 =m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychro metric chart (Figure A-31) to be 

h x — 3 1.1 kJ / kg dry air 
co l = 0.0064 kg H 2 0 / kg dry air (= co 2 ) 

= 36.2 kJ / kg dry air 
h 3 = 58.1 kJ / kg dry air 
co 3 = 0.0129 kg H 2 0 / kg dry air 

Analysis {a) The amount of moisture in the air 
remains constant it flows through the heating 
section {co \ = co 2 ), but increases in the 
humidifying section (co 3 > co 2 ). The amount of 
steam added to the air in the heating section is 

A co = co 3 - co 2 = 0.0129 - 0.0064 = 0.0065 kg H 2 0/ kg dry air 

( b ) The heat transfer to the air in the heating section per unit mass of air is 
q m =h 2 -h x = 36.2 -31.1 = 5.1 kJ / kg dry air 



T 3 = 25°C 
(j) 3 = 65% 




© 
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14-72E Air is first heated and then humidified by water vapor. The amount of steam added to the air and the amount of heat 
transfer to the air are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychro metric chart (Figure A-31E or EES) to be 

h x = 10.69 Btu/lbmdry air 
co x = 0.0021221bmH 2 0/lbmdry air 
co 2 —o) x = 0.002122 lbmH 2 O/lbm dry air 
h 2 =17.93 Btu/lbmdry air 
h 3 = 29. 16 Btu/lbmdry air 
co 3 = 0.01017 lbmH 2 0/lbm dry air 

Analysis (a) The amount of moisture in the air remains 
constant it flows through the heating section {co\ = coi ), but 
increases in the humidifying section (co 3 > co 2 ). The amount 
of steam added to the air in the heating section is 

Aco = (o 3 — co 2 =0.01017-0.002122 = 0.00805 lbmH 2 0/lbmdry air 

( b ) The heat transfer to the air in the heating section per unit mass of air is 
q m =h 2 -h x =17.93-10.69 = 7.24 Btu/lbmdry air 
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14-73 Air is first heated and then humidified by wet steam. The temperature and relative humidity of air at the exit of heating 
section, the rate of heat transfer, and the rate at which water is added to the air are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 =m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 


Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychro metric chart (Figure A-31) to be 


h x = 23.5 kJ/kg dry air 

co x = 0.0053 kg H 2 0/kg dry air (= co 2 ) 

c/j = 0.809 m 3 /kg dry air 

h 3 = 42.3 kJ/kg dry air 

co 3 = 0.0087 kg H 2 0/kg dry air 

Analysis {a) The amount of moisture in the air remains 
constant it flows through the heating section ( co x = co 2 ), 
but increases in the humidifying section (co 3 > co 2 ). The 
mass flow rate of dry air is 



® © ® 


m. 




35 m 3 / min 
0.809 m 3 / kg 


= 43.3 kg/min 


^in ^out ^-^system 


Noting that Q = W =0, the energy balance on the humidifying section can be expressed as 

710 (steady) _ q 

oy aii/iii 

E;„ = E , 

mi 

-> 

(co 3 -co 2 )h w +h 2 =h 3 


in 


'out 

Hrhjhi = Z rit a h 


e e 


KK + fh a2 h 2 = K h i 


Solving for h 2 , 

h 2 = h 3 ~{co 3 — co 2 )hg @ i ocpc = 42.3 -(0.0087 -0.005 3)(2675. 6) = 33.2 kJ/kg dry air 

Thus at the exit of the heating section we have a ^ = 0.0053 kg H 2 0 dry air and h 2 = 33.2 kJ/kg dry air, which completely 
fixes the state. Then from the psychrometric chart we read 

T 2 = 19.5°C 
<j> 2 = 37.8% 


( b ) The rate of heat transfer to the air in the heating section is 

Q. n = m a 0 h 2 - h x ) = (43.3 kg/min)(33.2- 23.5) kJ/kg = 420 kj/min 

(c) The amount of water added to the air in the humidifying section is determined from the conservation of mass equation of 
water in the humidifying section, 

m w = m a (co 3 - co 2 ) = (43.3 kg/min)(0.0087 - 0.0053) = 0.15kg/min 
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14-74 Air is first heated and then humidified by wet steam. The temperature and relative humidity of air at the exit of heating 
section, the rate of heat transfer, and the rate at which water is added to the air are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate 
of dry air remains constant during the entire process ( m aX = m a2 =m a ). 

2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 


Heating i 
coils 


i 


Sat. vapor 
100°C 

Humidifier 


Analysis {a) The amount of moisture in the air also remains 
constant it flows through the heating section {co x = co 2 ), but 
increases in the humidifying section (co 3 > co 2 )• The inlet 
and the exit states of the air are completely specified, and 
the total pressure is 95 kPa. The properties of the air at 
various states are determined to be 


10°C 

70% - 

35 m /min 



>• 


20°C 

60% 





P v i =faP g i =</>iP^@urc = (0.70X1. 2281 kPa) = 0.860 kPa(=P v2 ) 


P aX = P x -P vX =95 -0.860 = 94. 14 kPa 


(/, = 


R a Ti 


P 


a\ 


( 0.287 kPa • m 3 / kg • K)(283 K) 
94.14 kPa 


= 0.863 m 3 


/ kg dry air 


co x = 


0.622 P vl 

Pi-Pvi 


0.622(0.86 kPa) 
(95-0.86) kPa 


= 0.00568kg H 2 0/kg dry air (= co 2 ) 


h x = c p T x + co x h gX = (1.005 kJ/kg • o C)(10°C) + (0.00568)(25 19. 2 kJ/kg) = 24.36 kJ/kg dry air 
P v3 = foPg 3 = Mat@ 2 (fc = (0.60)(2.3392 kPa) = 1.40 kPa 


Also, 


co > 3 = 


0.622 P v3 _ 0.622(1.40 kPa) 
C - l\ 3 ~ 


= 0.00930 kg H 2 0/kg dry air 


(95-1.40) kPa 

h 3 = c p T 3 + co 3 h g3 = (1.005 kJ/kg • °C)(20°C) + (0.0093)(2537.4 kJ/kg) = 43.70 kJ/kg dry air 
t/j 35 m 3 / min 


m a = 




= 40.6 kg/min 


■i 0.863 m /kg 

Noting that Q = W = 0, the energy balance on the humidifying section gives 

710 (steady) _ q } E- —E 


F - F = A F 

^in ^out system 


in 


'out 


Hrh e h e = Y,m i h i > rh w h w +m a2 h 2 =m a h 3 >(co 3 - co 2 )h w +h 2 = h 3 

h 2 =h 3 — (co 3 -co 2 )h g@ i 00 > c = 43. 7 -(0.0093- 0.00568) x 2675. 6 = 34.0 kJ/kg dry air 


Thus at the exit of the heating section we have co - 0.00568 kg H 2 0 dry air and h 2 = 34.0 kJ/kg dry air, which completely 
fixes the state. The temperature of air at the exit of the heating section is determined from the definition of enthalpy, 
h 2 = c p T 2 +°> 2 h g 2 = c p T 2 + co 2 (2500.9 + 1 .82T 2 ) 

34.0 = (1.005)T 2 + (0.00568)(2500.9 + 1.82T 2 ) 


Solving for h 2 , yields 

T 2 = 19.5° C 

The relative humidity at this state is 



P t 


v2 


P 


§2 


Py 2 

T’sat @ 1 9.5°C 


0.860 kPa 
2.2759kPa 


0.377 or 37.7% 


( b ) The rate of heat transfer to the air in the heating section becomes 

Q m = m a (h 2 -h x ) = (40.6 kg/min)(34.0- 24.36) kJ/kg = 391 kj/iran 

(c) The amount of water added to the air in the humidifying section is determined from the conservation of mass equation of 
water in the humidifying section, 

m w = m a (co 3 — co 2 ) = (40.6 kg / min)(0.0093 - 0.00568) = 0.147 kg / min 
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Cooling with Dehumidification 


14-35 


14-75C To drop its relative humidity to more desirable levels. 


14-76 Air is cooled and dehumidified by a window air conditioner. The rates of heat and moisture removal from the air are 
to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (m al = m a2 =m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychro metric chart (Figure A-31) to be 


and 


Also, 


h { =86.3 kJ/kg dry air 


CQ\ = 0.021 1 kg H 2 0/kg dry air 
i/j = 0.894 m 3 /kg dry air 


h 2 = 42.0 kJ/kg dry air 

co 2 = 0.0107 kg H 2 0/kg dry air 


h w —hf@ i 5 °c —62.982 kJ/kg 


T 2 = 15°C 
^ 2 = 100 % 


(Table A-4) 


Cooling coils 




IMMMiMfJ 

Mil 


◄ — 

... u 0 (J A U ^ 

b 6 b £ b 1 atm AIR 
^ ^ b . b ^ Condensate 1 



Condensate 

removal 


T x = 32°C 
cf) j = 70% 

C = 2 m/min 


Analysis (a) The amount of moisture in the air decreases due to dehumidification (co 2 < co i). The mass flow rate of air is 


l/, 


2 m 3 / min 


m a\ = — = 


= 2.238 kg/min 


V\ 0.894m /kg dry air 

Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 
Water Mass Balance : 


= " l a2 m 2 + m w 

rh w = rh a (co x —co 2 ) = (2.238 kg/min)(0.021 1 - 0.0107) = 0.0233kg/min 
Energy Balance : 

f. _ f - A f (steady) _ ^ 

Lj ‘"' * ~ ZA ^ system “ u 


out 


in ^out 

E m =E 

=Q ou ,+Hm e h e 

2out = ™a\ h \ - (™a2 h 2 + = m a ( h l ~ h 2 )- lil J l 


w 


Q out = (2.23 8 kg/min)(86. 3 - 42. 0)kJ/kg - (0. 0233 kg/min)(62. 982 kJ/kg) 


= 97.7 kj/min 
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14-77E Air is cooled and dehumidified at constant pressure. The amount of water removed from the air and the cooling 
requirement are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m al = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychro metric chart (Figure A-31E) to be 


and 


Also, 


h x = 52.2 Btu/lbmdry air 
co x = 0.0278 kg H 2 O/kg dry air 


( J ) 2 = 1.0 

h 2 =20.3 Btu/lbmdry air 
co 2 = 0.0076 kg H 2 0/kg dry air 


h w = hj@ 6(FF = 28.08 Btu/lbm (Table A-4) 


T 2 = 50°F 
<f> 2 =l00% 







I 

60°F 


Condensate 

removal 


T\ = 90°F 
<j)\ - 90% 


Analysis The amount of moisture in the air decreases due to dehumidification (co 2 < co\). Applying the water mass balance 
and energy balance equations to the combined cooling and dehumidification section, 

Water Mass Balance : 


=Z< e = m a2 0J 2 +m w 

A co = co l -co 2 = 0.0278 - 0.0076 = 0.0202lbmH 2 O/lbmdryair 


Energy Balance : 


f - f - A/7 (steady) _ ^ 

ZXC system U 


out 


out 

Tm l h l =Q out +Hm e h e 

6out = ,h a\ h \ ~(" l a2 h 2 +'»„ K) = ,h a^ h 1 -fhj~ ,h w h 


w 


q out = *i -h 2 -(a) 1 —co 2 )h w 

= (52.2- 20.3)Btu/lbm- (0.0202X28.08) 


= 31.3Btu/lbmdryair 
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14-78 Air is cooled by passing it over a cooling coil through which chilled water flows. The rate of heat transfer, the 
mass flow rate of water, and the exit velocity of airstream are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 

Analysis ( a ) The saturation pressure of water at 32°C is 4.76 kPa (Table A-4). Then the dew point temperature of the 
incoming air stream at 32°C becomes 

^dp = ^sat @ p v = ^sat @ 0 . 7 x 4 . 76 kPa = 25.8°C (Table A-5) 

since air is cooled to 20°C, which is below its dew point temperature, some of the moisture in the air will condense. The 
amount of moisture in the air decreases due to dehumidification (co 2 <co x ) . The inlet and the exit states of the air are 

completely specified, and the total pressure is 1 atm. Then the properties of the air at both states are determined from the 
psychrometric chart (Fig. A-31 or EES) to be 


and 


Also, 

Then, 


h x = 86.35 kJ/kg dry air 

co x = 0.021 14 kg H 2 O/kg dry air 

i/j = 0.8939 m 3 /kg dry air 


h 2 = 57.43 kJ/kg dry air 
co 2 = 0.0147 kg El 2 O/kg dry air 

c/ 2 = 0.8501 m 3 /kg dry air 

h w = h f@ 2(rc =83.91 kJ/kg (Table A-4) 


Water 



= y iA = y i 


nD 


= (120 m/min) 


^■(0.4 m) 


2 \ 


= 15.08 m / min 


m a\ = 


0 X 15.08m 3 /min 
V\ 0.8939 m 3 /kg dry air 


= 16.87 kg/min 


Applying the water mass balance and the energy balance equations to the combined cooling and dehumidification section 
(excluding the water), 


Water Mass Balance : = Htn wu 


m aX co x = m a2 co 2 + m 


w 


m w = m a ( co x -co 2 ) = (16.87 kg/min)(0.021 14 - 0.0147) = 0. 1086 kg/min 

T7 _ _ a T7 710 (steady) _ 

„ . ^in ^out — ^-^system — 

tnergy Balance : 

= SmA + Com — 


"^^in — ^out 


— > Qm,t= KA - (m a 2 h 2 + m wK) = mJA - h 2 ) - m w h w 

Q out = (16.87 kg/min)(86.35 - 57.43)kJ/kg - (0. 1086kg/min)(83.91kJ/kg) = 478.7 kj/rnin 

( b ) Noting that the heat lost by the air is gained by the cooling water, the mass flow rate of the cooling water is determined 
from 

^coolingwater — ^cooling water — ^coolingwateA 


m 


Q 


w 


478.7 kJ/min 


coolingwater 


c p AT (4.18 kJ/kg • °C)(6°C) 


= 19. 09 kg/min 


(c) The exit velocity is determined from the conservation of mass of dry air, 


m a\ = m a2 


t>, l/ 2 




y : A v 2 a 


1/ 


(/ 


l/i 




v 2 = 


c/ 


l/l 


■Vi = 


0.8501 

0.8939 


(120 m/min)= 114 m/min 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


14-38 



14-79 mttm Problem 14-78 is reconsidered. A general solution of the problem in which the input variables may be supplied 
and parametric studies performed is to be developed and the process is to be shown in the psychrometric chart for each set of 
input variables. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data from the Diagram Window" 

{D=0.4 

P[1] =101.32 [kPa] 

T[1] = 32 [C] 

RH[1] = 70/100 "%, relative humidity" 

Vel[1] = 120/60 "[m/s]" 

DELTAT cw =6 [C] 

P[2] = 101.32 [kPa] 

T[2] = 20 [C]} 

RH[2] = 100/100 "%" 

"Dry airflow rate, m_dot_a, is constant" 

Vol_dot[1]= (pi * D A 2)/4*Vel[1] 
v[1]=VOLUME(AirH20,T=T[1],P=P[1],R=RH[1]) 
m_dot_a = Vol_dot[1]/v[1] 

"Exit vleocity" 

Vol_dot[2]= (pi * D A 2)/4*Vel[2] 
v[2]=V0LUME(AirH20,T=T[2],P=P[2],R=RH[2]) 
m dot_a = Vol_dot[2]/v[2] 

"Mass flow rate of the condensed water" 
m_dot_v[1]=m_dot_v[2]+m_dot_w 
w[1]=HUMRAT(AirH20,T=T[1],P=P[1],R=RH[1]) 
m_dot_v[1] = m_dot_a*w[1] 
w[2]=HUMRAT(AirH20,T=T[2],P=P[2],R=RH[2]) 
m_dot_v[2] = m_dot_a*w[2] 

"SSSF conservation of energy for the air" 

m_dot_a *(h[1] + (1+w[1])*Vel[1] A 2/2*Convert(m A 2/s A 2, kJ/kg)) + Q_dot = m_dot_a*(h[2] 
+(1+w[2])*Vel[2] A 2/2*Convert(m A 2/s A 2, kJ/kg)) +m_dot_w*hJiq_2 
h[1]=ENTHALPY(AirH20,T=T[1],P=P[1],w=w[1 ]) 
h[2]=ENTHALPY(AirH20,T=T[2],P=P[2],w=w[2]) 
hJiq_2=ENTHALPY(Water,T=T[2],P=P[2]) 

"SSSF conservation of energy for the cooling water" 

-Q_dot =m_dot_cw*Cp_cw*DELTAT cw "Note: Q_netwater=-Q_netair" 

Cp_cw = SpecHeat(water,T=10,P=P[2])"kJ/kg-K" 
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RH, 

m cw 

rk9/si 

Qout 

[kW] 

Vel 2 

[m/s] 

0.5 

0.1475 

3.706 

1.921 

0.55 

0.19 

4.774 

1.916 

0.6 

0.2325 

5.842 

1.911 

0.65 

0.275 

6.91 

1.907 

0.7 

0.3175 

7.978 

1.902 

0.75 

0.36 

9.046 

1.897 

0.8 

0.4025 

10.11 

1.893 

0.85 

0.445 

11.18 

1.888 

0.9 

0.4875 

12.25 

1.884 




RH[1] 
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14-80 Air is cooled by passing it over a cooling coil. The rate of heat transfer, the mass flow rate of water, and the exit 
velocity of airstream are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 

Analysis {a) The dew point temperature of the incoming air stream at 35 °C is 


^vl ~ 0\Pg\ _ ^l^sat@32°C 

= (0.7)(4.76 kPa) = 3.332 kPa 
^dp = ^sat @P V “^sat@3.332kPa = 25.8°C 

Since air is cooled to 20°C, which is below its dew point 
temperature, some of the moisture in the air will condense. 

The amount of moisture in the air decreases due 
to dehumidification ( co 2 <&> i) • The inlet and the exit 

states of the air are completely specified, and the total 
pressure is 95 kPa. Then the properties of the air at both 
states are determined to be 



Pal = 


P x -P vX = 95-3.332 = 91.67 kPa 


and 


Also, 


Then, 


t/i = 


C0\ 

hx 


R a T\ (0.287 kPa-m 3 / kg -KX305 K) 2 . 

= 0.9549 m /kg dry air 


P 


a\ 


0.622 P, 


vl 


91.67 kPa 
0.622(3.332 kPa) 


Pi -P v i 


= 0. 0226 1 kg H 2 0/kg dry air 


(95-3.332) kPa 

c p T x + co x h gX = (1 .005 kJ/kg • °C)(32°C) + (0.02261)(2559.2 kJ/kg) = 90.01 kJ/kg dry air 


Pvi - (l-00)P sa t@2o°c - 2.339 kPa 


i/ 2 = 

= 
h' 


R a T 2 (0.287 kPa-m 3 / kg -K)(293 K) 3 ,, , • 

= 0.9075 m /kg dry air 


P 


a 2 


0.622 P 


v2 


(95-2.339) kPa 
0.622(2.339 kPa) 


Pl-Pv2 


= 0.0157 kg H 2 0/kg dry air 


(95-2.339) kPa 

c p T 2 + co 2 h g2 = (1.005 kJ/kg -°C)(20°C) + (0.0157)(2537.4 kJ/kg) = 59.94 kJ/kg dry air 


h w =hj- @2(rc =83.915 kJ/kg (Table A-4) 


## _ r . w i ^(0.4m) 

(/, =V l A ] = V x = (120 m/min 


2 A 


= 15.08 m / min 




15.08 m 3 / min 


m al = — = 


V\ 0.9549 m /kg dry air 


= 15.79 kg/min 


Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section 
(excluding the water), 
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Water Mass Balance : 




■» m a\<°\=m a2 (02+m. 


W 


m w = m fl - o> 2 ) = (15.79 kg/min)(0. 02261 - 0.0157) = 0. 1090 kg/min 

Energy Balance : 

P _ P _ \p 710 (steady) _ q 
^ in ^ out system u 

K = £ ou t 

2>,A' + Gout -> G OM , = A A - (KJh + AAJ = K {h\ -h 2 )-m w h w 

Q out = (15.79 kg/min)(90.01 - 59.94)kJ/kg - (0. 1090kg/min)(83.915kJ/kg) = 465.7kJ/min 

( b ) Noting that the heat lost by the air is gained by the cooling water, the mass flow rate of the cooling water is determined 
from 


Scoolingwater ^cooling water ^ cooling water ^ 

Q w 465.7 kJ/min 


m 


coo ling water 


c p AT (4.18kJ/kg • °C)(6°C) 


= 18. 57 kg/min 


(c) The exit velocity is determined from the conservation of mass of dry air, 


m a\ = m a2 


t>i c / 2 


ViA V 2 A 


C/j V 


l/l 


c/ 


^ 09075 

t/j 0.9549 


(120 m/min) = 114 m/min 
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14-81E Air is cooled by passing it over a cooling coil through which chilled water flows. The rate of heat transfer, the mass 
flow rate of water, and the exit velocity of airstream are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 

Analysis (a) The saturation pressure of water at 90°F is 0.69904 psia (Table A-4E). Then, the dew point temperature of the 
incoming air stream at 90°F becomes 

^dp = ^sat @ p v = ^sat @ 0 . 6 x 0 . 69904 psia = 74.2°F (Table A-5E) 


Since air is cooled to 70°F, which is below its dew point temperature, some of the moisture in the air will condense. The 
amount of moisture in the air decreases due to dehumidification ( co 2 <&q).The inlet and the exit states of the air are 

completely specified, and the total pressure is 14.7 psia. Then the properties of the air at both states are determined from the 
psychro metric chart (Fig. A-31E) to be 

/?j =41.8 Btu/lbmdry air 

a) x = 0.0183 lbmH 2 0/lbm dry air 


and 


Also, 


Then, 


i/j = 14.26 ft /lbmdry air 

h 2 = 34. 1 Btu/lbmdry air 

co 2 = 0.0158 lbmH 2 0/lbm dry air 

c/ 2 = 13.68 ft 3 /lbmdry air 


h w = hj @ 70 o F = 38.08 Btu/lbm (Table A-4E) 



‘'i =V 1 A 1 =V 1 


kD 


= (600 ft/min) 


' n{\ ft) 2 ^ 


= 471 ft 3 /min 


t'l 

m a\ = — = 


471 ft J /min 


= 33.0 lbm/min 


14.26 ft / lbmdry air 


Applying the water mass balance and the energy balance equations to the combined cooling and dehumidification section 
(excluding the water), 


Water Mass Balance : X m w t = X m w ( 


■> =m a2 co 2 +m 


w 


m w = m a (co x -co 2 ) = (33.0 lbm / min)(0.0 1 83 - 0.0 1 58) = 0.083 lbm / min 


Energy Balance : 


E -E -A F 7,0 (steady) _q 

^in ^out — ZAi ^system — u 


f 1 . - F 
' ^in ^out 


= ^™e h e + 2out -> 2out= ™al h l ~ 0 ™a2 h 2 + KK) = ~ h l)~ KK 


2 out = (33.0 lbm/min)(41 .8-34. 1)B tu/lbm- (0.083 lbm/min)(38. 08 Btu/lbm) = 250.9Btu/mm 

( b ) Noting that the heat lost by the air is gained by the cooling water, the mass flow rate of the cooling water is determined 
from 


^coolingwater ^coo ling water ^coolingwater ^ p^' 


^cooling water 


Q w 


250.9 Btu/min 


c „ AT (1.0B tu/lbm • °F)( 1 4°F) 


= 17.9 lbm/min 


(c) The exit velocity is determined from the conservation of mass of dry air, 

V X A V 2 A 


m a\ = m a2 






t/. 


t/ 


l/. 


{/' 


V 2 = — v x = 

c/. 


13.68 

14.26 


(600 ft/min) = 576 ft/min 
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14-82E Problem 14-8 IE is reconsidered. The effect of the total pressure of the air on the required results is to be 

studied. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data from the Diagram Window" 

{D=1.0 [ft] 

P[1] =14.7 [psia] 

T[1] = 90 [F] 

RH[1] = 60/100 "%, relative humidity" 

Vel[1] = 600 [ft/min] 

DELTAT_cw=14 [F] 

P[2] = 14.7 [psia] 

T[2] = 70 [F]} 

{P[1]=P 

P[2]=P} 

Tdp_1=DEWPOINT(AirH20,T=T[1],P=P[1],w=w[1]) 
RH[2] = 100/100 "%" 


"Dry airflow rate, m_dot_a, is constant" 
VoLdot[1]= (pi * D A 2)/4*Vel[1] 
v[1]=VOLUME(AirH20,T=T[1],P=P[1],R=RH[1]) 
m_dot_a = Vol_dot[1]/v[1] 

"Exit vleocity" 

Vol_dot[2]= (pi * D A 2)/4*Vel[2] 
v[2]=V0LUME(AirH20,T=T[2],P=P[2],R=RH[2]) 
m_dot_a = Vol_dot[2]/v[2] 

"Mass flow rate of the condensed water" 


m_dot_v[1]=m_dot_v[2]+m_dot_w 
w[1]=HUMRAT(AirH20,T=T[1],P=P[1],R=RH[1]) 
m_dot_v[1] = m_dot_a*w[1] 
w[2]=HUMRAT(AirH20,T=T[2],P=P[2],R=RH[2]) 
m_dot_v[2] = m_dot_a*w[2] 

"SSSF conservation of energy for the air" 

m_dot_a *(h[1] + (1+w[1])*Vel[1] A 2/2*convert(ft A 2/min A 2,Btu/lbm)) = Q_dot+ m_dot_a*(h[2] 
+(1+w[2])*Vel[2] A 2/2*convert(ft A 2/min A 2,Btu/lbm)) +m_dot_w*hJiq_2 
h[1 ]=ENTHALPY(AirH20,T=T[1 ],P=P[1 ],w=w[1 ]) 
h[2]=ENTHALPY(AirH20,T=T[2],P=P[2],w=w[2]) 
hJiq_2=ENTHALPY(Water,T=T[2],P=P[2]) 

"SSSF conservation of energy for the cooling water" 

Q_dot = m_d ot_cw*C p_cw*D E LT AT cw "Note: Q_netwater=-Q_netair" 

Cp_cw = SpecFleat(water,T=60,P=P[2]) airwon 



mew 

P 

Q 

Vel 2 

[lb mw /min] 

[psia] 

[Btu/min] 

[ft/min] 

17.65 

14.3 

247 

575.8 

17.81 

14.5 

249.2 

575.9 

18.05 

14.8 

252.5 

575.9 

18.2 

15 

254.6 

576 

18.36 

15.2 

256.8 

576 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


14-44 



P 



P 


c 

I 


Os^ 

0 

> 
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14-83E Air is cooled by passing it over a cooling coil through which chilled water flows. The rate of heat transfer, the mass 
flow rate of water, and the exit velocity of airstream are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 

Analysis (a) The dew point temperature of the incoming air stream at 90 °F is 

p v\ =</ ) \ P g\ =^i P sat@9(FF = (0.6X0.69904 psia) = 0.42 psi 


^dp ^sat @ P v 


-T — 74°F 

1 sat @ 0.42 psia r 


Since air is cooled to 70°F, which is below its dew point 
temperature, some of the moisture in the air will condense. 

The mass flow rate of dry air remains constant during 
the entire process (m aX = m a2 = th a ) , but the amount of 

moisture in the air decreases due to dehumidification 
(&> 2 < ^i)-The inlet and the exit states of the air are 

completely specified, and the total pressure is 14.4 psia. Then 
the properties of the air at both states are determined to be 

P aX =p { -p vx = 14.4-0.42 = 13.98 psia 


(Tables A-4E and A-5E) 


Water 



i/, = 


R a T i 


(0.3704 psia • ft 3 / lbm • R)(550 R) 


P al 

0.622 P 


C0\ = 


vi 


13.98 psia 
0.622(0.42 psia) 


= 14.57 ft 3 / lbm dry air 


> \ ~ P r i 


= 0.0187 lbm H 2 O/lbm dry air 


and 


(14.4-0.42) psia 

h x = c p T x +co x h gX = (0.24 Btu/lbm- o F)(90°F) + (0.0187)(1 100.4Btu/lbm)= 42.18 Btu/lbmdry air 

P v2 ^fiiPgi - (l-00)P sat @7o°F =0.36 psia 
p a2 = p i — P vi =14.4 -0.36 = 14.04 psia 


t/o = 


^2 = 


PJl 


P 


(0.3704 psia • ft 3 / lbm - R)(530 R) lyinA3/lu ^ • 

= 14.0 ft /lbm dry air 


al 


14.04 psia 


0.622 P v2 0.622(0.36 psia) 


P 2 ~P V 2 


= 0.0159 lbm H 2 O/lbm dry air 


Also, 


Then, 


(14.4-0.36) psia 

h 2 =C P T 2 + C ° 2 h g 2 = (0.24 Btu/lbm- o F)(70 o F) + (0.01 59)( 109 1.8 Btu/lbm) = 34.16 Btu/lbmdiy air 
h w =hj- @7(rF =38.08 Btu/lbm (Table A-4E) 


‘'i = v, = v, 


kD 


- (600 ft/min) 




= 471ft 3 / min 


t'l 

m a \ = — = 


471ft 3 / min 


= 32.3 lbm/min 


V\ 14.57 ft /lbm dry air 


Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section 
(excluding the water), 


Water Mass Balance : 


m al co 1 = m a2 co 2 +m 


W 
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m w = m a (( 0 \ - co 2 ) = (32.3 lbm / min)(0.0 1 87 - 0.01 59) = 0.0904 lbm / min 

Energy balance : 

f.—f 1 —A F 7,0 (steady ) - 0 
-^out — LAL ^ system “ 

E'm ~ E out 

l J m i h i ='Lm e h e + Qout -> 6 out = <1^1 -(KJh + <Av) = m a (h x -h 2 )-m w h w 
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Q out = (32.3 lbm/min)(42. 1 8 - 34. 16)Btu/lbm- (0.0904 lbm/min)(38.08 Btu/lbm) 

= 255.6Btu/min 

(Z?) Noting that the heat lost by the air is gained by the cooling water, the mass flow rate of the cooling water is determined 
from 


(^coolingwater ^coo ling water ^coolingwater^/?^^ 


^cooling water 


Q w 


255.6 Btu/min 


c n AT (1 .0 B tu/lbm • °F)( 1 4°F) 


= 18.31bm/min 


(c) The exit velocity is determined from the conservation of mass of dry air, 

V X A V 2 A 


m a\ = m a 2 


Vr 




t/, 


V 


t/l 


1/ 


V 2 = — V] = 

t/, 


14.0 

14.57 


(600 ft/s) =577 ft/min 
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14-84 Air flows through an air conditioner unit. The inlet and exit states are specified. The rate of heat transfer and the mass 
flow rate of condensate water are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX - m a2 =m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis The inlet state of the air is completely 
specified, and the total pressure is 101 kPa. The 
properties of the air at the inlet state may be 
determined from (Fig. A-31) or using EES 
psychrometric functions to be (we used EES) j _ 20°C 


h x = 57.20 kJ/kg dry air 
( o x = 0.01056 kg H 2 0/kg dry air 
(j) x =0.3972 

The partial pressure of water vapor at the exit state is 
p v2 = P sat@ 6.5'C = 0.9682 kPa (T able A - 4) 

The saturation pressure at the exit state is 

Pg2 = ^sat@ 2 (fc = 2.339 kPa (TableA-4) 

Then, the relative humidity at the exit state becomes 


r dp2 = 6.5°C 



’ i 

Cooling coils 

i 






◄ — 

h 6 h 6 h 

^6^6^ ** Condensate 



T dbl =30°C 

r wbl =20°c 

P =101 kPa 



CD 


I 


20°C 


Condensate 

removal 


^2 “ 


P v2 _ 0-9682 
P g 2 ~ 2.339 


= 0.4139 


Now, the exit state is also fixed. The properties are obtained from EES to be 

h 2 = 35.41 kJ/kg dry air 

co 2 = 0.006019 kg H 2 0/kg dry air 

i/ 2 = 0.8412 m 3 /kg 

The mass flow rate of dry air is 

0 2 800 m 3 /min 


m a = 


= 951.1kg/min 


0.8412m /kg 
The mass flow rate of condensate water is 

m w = m a ( co x - co 2 ) = (95 1 . 1 kg/min)(0.01056 - 0. 006019) = 4. 3 19 kg/min = 259kg/h 
The enthalpy of condensate water is 

h w2 = h f@ 2(rc = 83.91 kJ/kg (T able A - 4) 

An energy balance on the control volume gives 

™ a h\ = Gout + ™a h 2 + m w h w 2 

(95 1. 1 kg/min)(57.20 kJ/kg) = Q oul + (95 1 . 1 kg/min )(3 5. 41 kJ/kg) + (4.321 kg/min )(83.91 kJ/kg) 

0 out = 20,360 kJ/min = 339 kW 
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14-85 Atmospheric air enters the evaporator of an automobile air conditioner at a specified pressure, temperature, and 
relative humidity. The dew point and wet bulb temperatures at the inlet to the evaporator section, the required heat transfer 
rate from the atmospheric air to the evaporator fluid, and the rate of condensation of water vapor in the evaporator section 
are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 


Analysis The inlet and exit states of the air are completely specified, and the total pressure is 1 atm. The properties of the 
air at the inlet and exit states may be determined from the psychro metric chart (Fig. A-31) or using EES psychro metric 
functions to be (we used EES) 


7d P i = 15.7°C 
r wbl = 19.5°c 
h x = 55.60 kJ/kg dry air 
co x = 0.01 1 15 kg H 2 0/kg dry air 

v x = 0.8655 nr / kg dry air 

/?2 = 27.35 kJ/kg dry air 

co 2 = 0.00686 kg H 2 0/kg dry air 

The mass flow rate of dry air is 


T 2 = 10°C 

4*2 = 90 % 


Cooling coils 



i 

10°C 


Condensate 

removal 


T x =27°C 
4*, = 50% 


V\ (2m 3 /change)(5 changes/min) . 

m a = — = = = 1 1.55 kg/min 

*6 U\ 0.8655 m 3 


The mass flow rates of vapor at the inlet and exit are 

m vl = CQ x rh a = (0.01 1 15)(1 1.55 kg/min) = 0. 1288 kg/min 

m v 2 = co 2 m a = (0.00686)(1 1.55 kg/min) = 0.07926 kg/min 
An energy balance on the control volume gives 
m a h x = Q out +m a h 2 +m w h w2 
where the the enthalpy of condensate water is 

h w2 =h f@mc = 42.02 kJ/kg (T able A - 4) 


and the rate of condensation of water vapor is 

m w = m vX -rh v2 = 0.1288-0.07926 = 0.0495kg/min 
Substituting, 

"kA =Gout+« 1 A2 +th w h w 2 

(11.55 kg/min)(55 .60 kJ/kg) = Q oM +(1 1.55 kg/min)(27.35 kJ/kg) + (0.0495 kg/min )(42. 02 kJ/kg) 

Q oat =324.4 kJ/min = 5.41 kW 
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Humidity Ratio 


14-49 


AirH20 



Discussion We we could not show the process line between the states 1 and 2 because we do not know the process path. 
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14-86 Air is cooled and dehumidified at constant pressure. The cooling required is provided by a simple ideal vapor- 
compression refrigeration system using refrigerant- 134a as the working fluid. The exergy destruction in the total system per 
1000 m of dry air is to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 


Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychro metric chart (Figure A-31) to be 


h x =106.8 kJ/kg dry air 
( o x = 0.0292 kg H 2 0/kg dry air 

a 

v x = 0.905 m /kg dry air 
and 

h 2 = 52.7 kJ/kg dry air 

co 2 = 0.01 12 kg H 2 0/kg dry air 

We assume that the condensate leaves this system at the 
average temperature of the air inlet and exit. Then, from 
Table A-4, 

K — hf@ 28 °c = 1 17.4 kJ/kg 


Analysis The amount of moisture in the air decreases 
due to dehumidification (co 2 < co i). The mass of air is 

3 


1000 m 


m a = 


i', 


0.905 nr / kg dry air 


= 1105 kg 



Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 
Water Mass Balance : 


Hm wi = Hm we >m aX co x = m a 2 co 2 +m w 


m w = m a (co x -co 2 ) = (1105 kg)(0.0292- 0.01 12) = 19.89kg 


Energy Balance : 


f _ 77 -A f <^0 (steady) _ q 

— ^-system ” u 


in 


'out 

E =E 


in 


out 


Z.m l h l =e„, + ImA 


Gout = >n a \h\ -(m a 2 h 2 +m w h w ) = m a (h l -h 2 )-m w h w 
Qout = m a0h -h 2 )-m w h w 

Q out = (1105 kg)(106. 8 - 52.7)kJ/kg - (19.89 kg)fl 17.4 kJ/kg) = 57,450kJ 


We obtain the properties for the vapor-compression refrigeration cycle as follows (Tables A- 1 1, through A- 13): 


T x = 4°C 1 h x =h g@ 4 o C = 252.77 kJ/kg 
sat. vapor J s \ - s g @ a°c ~ 0-92927 kJ/kg • K 


Pi ~ ^sat @ 39.4°C “ 1 


S o — S i 


h 2 =275.29 kJ/kg 


P 2 = 1 MPa 1 — hj @ x MPa — 107 .32 kJ/kg 

sat. liquid J = Sf @ 1MPa = 0.39189 kJ/kg • K 


h 4 = h 3 = 107.32 kJ/kg (throttling) 

r 4 =4°C 1 x 4 =0.2561 

h A = 107.32 kJ/kg J ^ 4 = 0.4045 kJ/kg • K 
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= 395.0 kg 


The mass flow rate of refrigerant- 134a is 

Ql 57,450 kJ Qncm 

m R = = = 395.0 kg 

h x -h A (252.77 -107.32)kJ/kg 

The amount of heat rejected from the condenser is 

q h =m R (h 2 - h 3 ) = (395.0 kg)(275.29- 107.32) kJ/kg = 66,350 kg 

Next, we calculate the exergy destruction in the components of the refrigeration cycle: 

X destroyed^ - m R^ o ( s 2 ~ s \ ) = 0 (since the process is isentropic) 


destroyed,23 ^0 rri R\^3 


= Tc) m R (s 3 -s 2 ) + 


= (305 K) (395 kg)(0.39189 - 0.92927) kJ/kg • K + 


66,350 kJ 
305 K 


= 1609 kJ 


X destroyed 3 4 = ™ R T 0 (s 4 -s 3 ) = (395 kg)(305 K)(0.4045 - 0.391 89) kJ/kg • K = 1519 kJ 

The entropies of water vapor in the air stream are 
•Sgi =s g@ 32 °c — 8.41 14 kJ/kg • K 
s g 2 = $ g @ 24 °c — 8.5782 kJ/kg • K 

The entropy change of water vapor in the air stream is 

ASvapor = m a^°2 s g2 = (1 105)(0.01 12 x 8.5782 - 0.0292 x 8.41 14) = -165.2 kJ/K 

The entropy of water leaving the cooling section is 

S w =m w s f@2S o C =(19.89 kg)(0.4091 kJ/kg- K) = 8. 14kJ/K 

The partial pressures of water vapor and dry air for air streams are 
P v \ =( / f \Pgi = ^l^sat @ 32 °c — (0.95)(4. 760 kPa) = 4.522 kPa 
P al =P X ~P V i = 101.325-4.522 = 96.80 kPa 
^v 2 = fii^gi ~ ^ 2 -^sat @ 24 °c = (0.60)(2.986 kPa) = 1.792 kPa 
P a 2 =P 2 ~P V 2 = 101.325-1.792 = 99.53 kPa 

The entropy change of dry air is 


=m a (s 2 -s l ) = m a c p ln — -Rln 


297 99 53 

= (1105) (1.005) In (0.287) In — : — 

305 96.80 


= -38.34 kJ/kg dry air 


The entropy change of R-134a in the evaporator is 

A S R 41 = m R (s x -s 4 ) = (395 kg)(0.92927- 0.4045) = 207.3 kJ/K 

An entropy balance on the evaporator gives 

S gen, evaporator = as rm + AA vapor + AS a + S w = 207.3 + (- 1 65.2) + (-38.34) +8.14 = 11 .90 kJ/K 

Then, the exergy destruction in the evaporator is 

*dest = ^A g en, evaporator = (305 K)(l 1.90 kJ/K) = 3630 kJ 

Finally the total exergy destruction is 

X — V _i_ V _i_ V _i_ V 

^ dest, total dest, compressor ' ^ dest,condenser ~ ^ dest, throttle ' ^ dest, evaporator 

= 0 + 1609 + 1519 + 3630 

=6758kJ 

The greatest exergy destruction occurs in the evaporator. Note that heat is absorbed from humid air and rejected to the 
ambient air at 32°C (305 K), which is also taken as the dead state temperature. 
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14-87 Air is cooled, dehumidified and heated at constant pressure. The system hardware and the psychrometric diagram are 
to be sketched, the dew point temperatures, and the heat transfer are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX — m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis (a) The schematic of the cooling and dehumidifaction process and the the process on the psychrometric chart are 
given below. The psychrometric chart is obtained from the Property Plot feature of EES. 



r 2 =i7°c 

T wb 2=10.8 



i 


5.3°C 


Condensate 

removal 


7>39°C 

^,=50% 


(b) The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of the air at 
the inlet and exit states are determined from the psychrometric chart (Figure A-31 or EES) to be 

7d pl = 26.7°C 
h x — 96.5 kJ/kg dry air 
(o x = 0.0222 kg H 2 0/kg dry air 


and 
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T d p2 = 5.3°C 
(j) 2 = 46% 

h 2 =31.1 kJ/kg dry air 

co 2 = 0.00551 kg H 2 0/kg dry air 

Also, 

h w = hf@ 5 3 o C = 22.2 kJ/kg (Table A-4) 

The enthalpy of water is evaluated at 5.3 °C, which is the temperature of air at the end of the dehumidiffication process. 

(c) Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 
Water Mass Balance : 


Hm wJ =Im w >m al co 1 = m a2 co 2 +m w 


m w =m a (co 1 - co 2 ) 


Energy Balance : 


'• —E = AF <^0 (steady) _ q 
in ^out ^^system w 

A = ^out 

I »■(,./!; =Q out + I,m e h e 

6out = m a A ~ ( ,h a2 h 2 + ™wK) 

= m a {\ -h 2 )-m w h w 

= m a (h\ -h 2 )~ m a (co { - co 2 )h w 


Substituting, 


(/out = A ~ h 2)~ (®1 - 0J l)K 

= (96.5 -31.1) kJ/kg - (0.0222 - 0.0055 1)(22.2 kJ/kg) 

= 65.1kJ/kg 
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Evaporative Cooling 
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14-88C Evaporative cooling is the cooling achieved when water evaporates in dry air. It will not work on humid climates. 


14-89C During evaporation from a water body to air, the latent heat of vaporization will be equal to convection heat 
transfer from the air when conduction from the lower parts of the water body to the surface is negligible, and temperature of 
the surrounding surfaces is at about the temperature of the water surface so that the radiation heat transfer is negligible. 


14-90C In steady operation, the mass transfer process does not have to involve heat transfer. However, a mass transfer 
process that involves phase change (evaporation, sublimation, condensation, melting etc.) must involve heat transfer. For 
example, the evaporation of water from a lake into air (mass transfer) requires the transfer of latent heat of water at a 
specified temperature to the liquid water at the surface (heat transfer). 


14-91 Air is cooled by an evaporative cooler. The exit temperature of the air is to be determined. 


Analysis The enthalpy of air at the inlet is determined from 

P v i =faP g i =^sat@ 40 °c = (0.25)(7.385 lkPa) = 1.846 kPa 

0.622 P x 0.622(1.846 kPa) AA1A ^ „ ^ , . 

C 0 \ = = = 0.01233 kg H 9 O/kg dry air 

P x - P vX (95 -1.846) kPa 

h x = c p T x +co x h gX 

= (1 .005 kJ/kg • °C)(40°C) + (0.01233)(2573.5 kJ/kg) 

= 7 1 .93 kJ/kg dry air 


95 kPa 

40°C 

25% 


AIR 

— ► 


I Water 
~ Humidifier 


< 

< ; ► 100% 



Assuming the liquid water is supplied at a temperature not much different than the exit temperature of the air stream, the 
evaporative cooling process follows a line of constant wet-bulb temperature, which is almost parallel to the constant 
enthalpy lines. That is, 


h 2 =h x =71 .93 kJ/kg dry air 


Also, 


0.622 P v2 0-622 P g2 
P 2 -P v2 ~ 95 - P g2 


since air leaves the evaporative cooler saturated. Substituting this into the definition of enthalpy, we obtain 

h 2 =CpT 2 +a> 2 h S 2 =c p T 2 +(0 2 (2500.9 + 1.82T 2 ) 

0.622 

7 1 .93 kJ/kg = ( 1 .005 kJ/kg • °C )T 2 + — (2500.9 + 1 .827k )kJ/kg 

95 - Pg 2 


By trial and error, the exit temperature is determined to be 

r 2 =23.rc. 
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14-92E Air is cooled by an evaporative cooler. The exit temperature of the air is to be determined. 
Analysis The enthalpy of air at the inlet is determined from 


14-55 


P v 1 =</>\Pg\ =^sat@ 93 °F = (0.30X0.7676 psia) = 0.230 psia 
0.622 P x 0.622(0.230 psia) 

CO\ = = 

P x - P vl (14.5 - 0.230) psia 
= 0.010041bmH 2 0/lbm dry air 
h\ =c p T x + co x h gX 

= (0.24 Btu/lbm- °F)(93°F) + (0.0 1004)(1 101.7 Btu/lbm) 
= 33.38 Btu/lbmdry air 


14.5 psia 

93°F 

30% 


I Water 
* Humidifier 


AIR 





*■ 


kf — ► ioo% 



Assuming the liquid water is supplied at a temperature not much different than the exit temperature of the air stream, the 
evaporative cooling process follows a line of constant wet-bulb temperature, which is almost parallel to the constant 
enthalpy lines. That is, 

h 2 =h x = 33.38 Btu/lbmdry air 

Also, 

0.622 P v2 0.622 P g2 

co 1 = = — 

- P 2 -P v2 14 5-P g2 

since air leaves the evaporative cooler saturated. Substituting this into the definition of enthalpy, we obtain 

h 2 =c p T 2 +a> 2 h g2 = c p T 2 +® 2 (1060.9 + 0.4357’,) 

0.622 P e2 

33.38 Btu/lbm = 10.24 Btu/lbm- °F)7’, + —(1060.9 + 0.4357’,) 

- 14.5 -P g2 

By trial and error, the exit temperature is determined to be 

T 2 = 69.0° F. 
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14-93 Air is cooled by an evaporative cooler. The exit temperature of the air and the required rate of water supply are to be 
determined. 

Analysis (a) From the psychrometric chart (Fig. A-31 or EES) at 40°C and 20% relative humidity we read 
r wbl =22.04°C 

co x = 0.009199 kg H 2 0/kg dry air 
i/j = 0.9002 m 3 /kg dry air 

Assuming the liquid water is supplied at a temperature not 
much different than the exit temperature of the air stream, 
the evaporative cooling process follows a line of constant 
wet-bulb temperature. That is, 

r wb2 sr wbl = 22.04°c 

At this wet-bulb temperature and 90% relative humidity we read 

T 2 =23.3°C 

co 2 = 0.01619 kg H 2 0/kg dry air 

Thus air will be cooled to 23.3°C in this evaporative cooler. 

( b ) The mass flow rate of dry air is 

0 X 7m 3 /min _ , . . 

m a = — = = 7.776 kg/min 

0.9002 m 3 / kg dry air 

Then the required rate of water supply to the evaporative cooler is determined from 

^supply = /72 vv2 _ m w\ 

= m a (co 2 -«i) 

= (7.776 kg/min)(0.01619 - 0.009199) 

= 0.0543 kg/min 


i 


on 


1 atm 
40°C 
20% 


AIR 


Water, m 

7 CO 

Humidifier 


90% 
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14-94 Air is cooled by an evaporative cooler. The final relative humidity and the amount of water added are to be 
determined. 

Analysis (a) From the psychrometric chart (Fig. A-31) at 32°C and 30% relative humidity we read 


r wbl = 19.4°C 

co x = 0.0089 kg H 2 0/kg dry air 
c/j =0.877 m 3 /kg dry air 

Assuming the liquid water is supplied at a temperature not 
much different than the exit temperature of the air stream, 
the evaporative cooling process follows a line of constant 
wet-bulb temperature. That is, 

^wb2 = ^wbl = 19.4°C 


32°C 

30% 

2 m 3 /min 


AIR 

— ► 


I Water 
* Humidifier 


pn 


► 22°C 


w 


At this wet-bulb temperature and 22 °C temperature we read 


(p 2 = 19% 

co 2 = 0.0130 kg H 2 O/kg dry air 


( b ) The mass flow rate of dry air is 




5 m 3 / min 


m a = — = 


— = 5.70kg/min 


v x 0.877 m /kg dry air 
Then the required rate of water supply to the evaporative cooler is determined from 

^supply - ^w 2 _ ,7 Tvi = f n a ~ co 0 = (5.70 kg/min)(0.01 30 - 0. 0089) = 0.0234 kg/min 


14-95 Air is first heated in a heating section and then passed through an evaporative cooler. The exit relative humidity and 
the amount of water added are to be determined. 

Analysis {a) From the psychrometric chart (Fig. A-31 or EES) at 20°C and 50% relative humidity we read 
co x = 0.00726 kg H 2 0/kg dry air 

The specific humidity co remains constant during the heating 
process. Therefore, coi = co x = 0.00726 kg H 2 0 / kg dry air. 

At this co value and 35°C we read T wb2 = 19.1°C. 

Assuming the liquid water is supplied at a temperature not 
much different than the exit temperature of the air stream, 
the evaporative cooling process follows a line of constant 
wet-bulb temperature. That is, r wb3 = T wb2 = 19.1°C. At 
this T wb value and 25 °C we read 

(j) 3 =57.5% 

co 3 =0.0114kgH 2 0/kgdry air 

( b ) The amount of water added to the air per unit mass of air is 

A co 23 = co 3 — co 2 = 0.01 14 - 0.00726 = 0.00413 kg H 2 0/kg dry air 
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Adiabatic Mixing of Airstreams 


14-58 


14-96C This will occur when the straight line connecting the states of the two streams on the psychrometric chart crosses the 
saturation line. 


14-97C Yes. 


14-98E Two airstreams are mixed steadily. The temperature, the specific humidity, and the relative humidity of the mixture 
are to be determined. 

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 

Properties The properties of each inlet stream are determined from the psychrometric chart (Fig. A-31E) to be 


h x =19.9 Btu/lbmdry air 

co x = 0.0039 lbm H 2 O/lbm dry air 

c/j = 13.30ft 3 /lbm dry air 


h 2 = 41.1 Btu/lbmdry air 

co 2 — 0.0200 lbm H 2 O/lbm dry air 

i/ 2 = 14.04 ft 3 /lbm dry air 

Analysis The mass flow rate of dry air in each stream is 


l/, 


900 1 3 / min 


m a\ = 


V\ 13.30ft 3 /lbm dry air 




300 ft 3 / min 


m a2 = 


^2 14.04ft 3 /lbm dry air 


= 67.7 lbm/min 


= 21.41bm/min 



The specific humidity and the enthalpy of the mixture can be determined from Eqs. 14-24, which are obtained by combining 
the conservation of mass and energy equations for the adiabatic mixing of two streams: 

™a\ _ 60 2 ~ 60 3 _ ^2 ~ ^3 

m a2 co 3 -co x h 3 -h x 
67.7 _ 0.0200-^3 _ 4 LI -h 3 
21.4 ” co 3 - 0.0039 ~ *3-19.9 


which yields, 

(a) co 3 = 0.0078 lbm H 2 0 / lbm dry air 

h 3 = 25.0 Btu / lbm dry air 

These two properties fix the state of the mixture. Other properties of the mixture 
are determined from the psychrometric chart: 

(*) T 3 =68.7°F 

(c) (j> 3 =52.1% 
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14-59 



14-99E Problem 14-98E is reconsidered. A general solution of the problem in which the input variables may be 

supplied and parametric studies performed is to be developed and the process is to be shown in the psychrometric chart for 
each set of input variables. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data by Diagram Window:" 

{P=14.696 [psia] 

Tdb[1] =65 [F] 

Rh[1] = 0.30 

V_dot[1] = 900 [ft A 3/min] 

Tdb[2] =80 [F] 

Rh[2] = 0.90 

V_dot[2] = 300 [ft A 3/min]} 

P[1]=P 

P[2]=P[1] 

P[3]=P[1] 

"Energy balance for the steady-flow mixing process:" 

"We neglect the PE of the flow. Since we don't know the cross sectional area of the flow streams, we also neglect 
theKE of the flow." 

E_dot_in - E_dot_out = DELTAE _dot_sys 
DELTAE_dot_sys = 0 [kW] 

E_dot_in = m_dot[1]*h[1]+m_dot[2]*h[2] 

E_dot_out = m_dot[3]*h[3] 

"Conservation of mass of dry air during mixing:" 
m_dot[1]+m_dot[2] = m_dot[3] 

"Conservation of mass of water vapor during mixing:" 
m_dot[1 ]*w[1 ]+m_dot[2]*w[2] = m^dot[3]*w[3] 

m_dot[1]=V_dot[1]/v[1]*convert(1/min,1/s) 
m_dot[2]= V_d ot[2]/v[2]*co nvert( 1 /m i n , 1 1s) 
h[1]=ENTHALPY(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 
v[1]=VOLUME(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 
w[1]=HUMRAT(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 

h[2]=ENTHALPY(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

v[2]=V0LUME(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

w[2]=HUMRAT(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

Tdb[3]=TEMPERATURE(AirH20,h=h[3],P=P[3],w=w[3]) 

Rh[3]=RELHUM(AirH20,T=Tdb[3],P=P[3],w=w[3]) 

v[3]=V0LUME(AirH20,T=Tdb[3],P=P[3],w=w[3]) 

m_dot[3]=V_dot[3]/v[3]*convert(1/min,1/s) 
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14-60 


AirH20 



SOLUTION 

DELTAE_dot_sys=0 
E_dot_out=37.04 [kW] 
h[2]=41 .09 [Btu/lb_m] 
m_dot[1]=1.127 [kga/s] 
m_dot[3]= 1.483 [kga/s] 
P[1]=14.7 [psia] 

P[3]=14.7 [psia] 

Rh[2]=0.9 
Tdb[1]=65 [F] 

Tdb[3]=68.68 [F] 
v[2]=14.04 [ft A 3/lb_ma] 
V_dot[1]=900 [ft A 3/min] 
V_dot[3]=1200 [ft A 3/min] 
w[2]=0.01995 [lb_mv/lb_ma] 


E_dot_in=37.04 [kW] 
h[1 ]=1 9.88 [Btu/lb_m] 
h[3]=24.97 [Btu/lb m] 
m _dot[2]=0.3561 [kga/s] 
P=14.7 [psia] 

P[2]=14.7 [psia] 

Rh[1]=0.3 

Rh[3]=0.5214 

Tdb[2]=80 [F] 

v[1 ]=1 3.31 [ft A 3/lb_ma] 

v[3]=13.49 [ft A 3/lb_ma] 

V _dot[2]=300 [ft A 3/min] 
w[1]=0. 003907 [lb_mv/lb_ma] 
w[3]=0. 007759 [lb_mv/lb_ma] 
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14-100 Two airstreams are mixed steadily. The specific humidity, the relative humidity, the dry-bulb temperature, and the 
volume flow rate of the mixture are to be determined. 


Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 

Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or EES) to be 


h x - 62.28 kJ/kg dry air 

co x - 0.01054 kg H 2 0/kg dry air 

v x = 0.8877 m 3 /kg dry air 


h 2 = 3 1 .88 kJ/kg dry air 

co 2 = 0.007847 kg H 2 0/kg dry air 

i/ 2 = 0.8180 m 3 /kg dry air 

Analysis The mass flow rate of dry air in each stream is 


4 


15 m / min 


m a l = — = 


V\ 0.8877 m /kg dry air 




25 nr / min 


m a2 = 


v 2 0.8180m 3 /kg dry air 


= 16.90 kg/min 


= 30.56 kg/min 



From the conservation of mass, 

m a 3 = m aX + m a2 = 16.90 + 30.56 = 47.46 kg/min 

The specific humidity and the enthalpy of the mixture can be determined from Eqs. 14-24, which are obtained by combining 
the conservation of mass and energy equations for the adiabatic mixing of two streams: 

™a\ ffi> 2 ~ _ h 2 ~ h 3 

m a2 C0 3 - m, h 3 - h t 
16.90 _ 0.007847 - © 3 _ 31.88 - h 3 
30.56 ~ w 3 -0.01054 ~ h 3 -62.28 

which yields 

h 3 = 42.70 kJ/kg dry air 

co 3 = 0.0088kg H 2 0/kgdry air 


These two properties fix the state of the mixture. Other properties of the mixture are determined from the psychrometric 
chart: 

T 3 =20.2°C 
(j) 3 = 59 . 7 % 

c/ 3 = 0.8428 m 3 /kg dry air 

Finally, the volume flow rate of the mixture is determined from 

C/ 3 = tn a3 v 3 = (47.46 kg /min)(0. 8428m 3 /kg dry air) = 40.0 m 3 /min 
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14-101 Two airstreams are mixed steadily. The specific humidity, the relative humidity, the dry-bulb temperature, and the 
volume flow rate of the mixture are to be determined. 


Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 

Analysis The properties of each inlet stream are determined to be 


and 


P vl = faP gl = ^P sat@3 5 ° C = (0.30)(5.629 kPa) = 1.689 kPa 
P al = P X -P vl = 90 -1.689 = 88.3 lkPa 

_ RJ\ (0.287 kPa • m 3 / kg • K)(308 K) 

Vl ~ P a] ~ 88.3 lkPa 

= 1.001 m 3 /kg dry air 
0.622 P ! 0.622(1 .689 kPa) 

CO] — — 

P x - P vl (90- 1.689) kPa 
= 0.01 189kg H 2 0/kg dry air 
h x = c p T x + co x h gX 

= (1.005 kJ/kg • °C)(35°C) + (0.01 189)(2564.6kJ/k^ 
= 65.68 kJ/kg dry air 



P \>2 ~ ( / ) 2 P g 2 ~ ^ 2 ^sat@i 2 °c _ (0.90)(1.403 kPa) - 1.262 kPa 
p a2 = p 2- P v2 = 90 - 1-262 = 88.74 kPa 


t/ 2 = 


^2 = 


P a P 2 
P a2 

0.622 R 


(0.287 kPa-m 3 /kg -K)(285 K) a oo i q 3 /lr . - 

= 0.9218 m /kg dry air 


v2 


88.74 kPa 
0.622(1.262 kPa) 


p 2 - P v2 


= 0.008849kg H 2 0/kg dry air 


(90-1.262) kPa 

h 2 = c p T 2 +a> 2 h g2 =(L005 kJ/kg • oc X 1 2 o C) + (0.008849)(2522.9kJ / kg) = 34.39 kJ/kg dry air 


Then the mass flow rate of dry air in each stream is 




150 m / min 


m a\ = — = 


V\ 1.001m /kg dry air 


C/o 


25 m / min 


m a2 = 


v 2 0.9218 m 3 /kg dry air 


= 14.99 kg/min 


= 27.12 kg/min 


From the conservation of mass, 

m a3 = m aX + m a2 = 14.99 + 27. 12 = 42. 1 1 kg/min 

The specific humidity and the enthalpy of the mixture can be determined from Eqs. 14-24, which are obtained by combining 
the conservation of mass and energy equations for the adiabatic mixing of two streams: 

m a i co 2 - co 3 h 2 - h 3 14.99 0.008849 - co 3 34.39 - h 3 

m a2 co 3 -co x h 3 -h x 27.12 co 3 - 0.01189 h 3 -65.68 

which yields 

h 3 = 45.52 kJ/kg dry air 

co 3 = 0.009933kg H 2 0/kgdry air 


These two properties fix the state of the mixture. Other properties are determined from 

h 3 =c p T 3 +co 3 h g3 =c p T 3 + co 3 (2501.3 + 1.82T 3 ) 

45. 52 kJ/kg = (1.005 kJ/kg • °C)r 3 + (0.009933)(2500.9 + 1.82T 3 ) kJ/kg >T 3 = 20.2°C 
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( 0 3 “ 
0.009933 = 



0.622 P v3 
P3 ~ P v s 
0.622 P v3 
90 -P v3 ~ 

P\’3 Pv3 


» P v3 = 1.415 kPa 


1.415 kPa 
2.370kPa 


0.597 


or 59.7% 


Finally, 



t/ 


3 


= P 3 -P v3 =90 -1.415 = 88.59 kPa 

R a T 3 _ (0.287 kPa • m 3 / kg • K)(293.2 K) 
~~P^~ 88.59 kPa 


= 0.9500 m 3 /kg dry air 


0 3 = m a3 v 3 = (42.1 1 kg/min)(0.9500 m 3 / kg) = 40.0 m 3 /min 
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14-102 A stream of warm air is mixed with a stream of saturated cool air. The temperature, the specific humidity, and the 
relative humidity of the mixture are to be determined. 

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 

Properties The properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or EES) to be 

h x = 99.4 kJ/kg dry air 
co x = 0.0246 kg H 2 0/kg dry air 

and 

h 2 = 34. 1 kJ/kg dry air 
co 2 = 0.00873 kg H 2 0/kg dry air 

Analysis The specific humidity and the enthalpy of the mixture can be 
determined from Eqs. 14-24, which are obtained by combining the 
conservation of mass and energy equations for the adiabatic mixing of 
two streams: 

™ a \ = <^2 ~ ^3 = h 2 ~ h 3 
m a2 -<*>\ h 3 ~ h \ 

8 _ 0.00873-^3 _ 34.1 - h 3 
10 " co 3 - 0.0246 ~ h 3 - 99 A 

which yields, 

(b) co 3 = 0.0158 kg H 2 0/kg dry air 

h 3 =63. 1 kJ/kg dry air 

These two properties fix the state of the mixture. Other properties of the mixture are determined from the psychrometric 


chart: 


(a) 

T 3 = 22.8°C 

(c) 

(j) 3 =90.1% 
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14-103 



Problem 14-102 is reconsidered. The effect of the mass flow rate of saturated cool air stream on the mixture 


temperature, specific humidity, and relative humidity is to be investigated. 
Analysis The problem is solved using EES, and the solution is given below. 


P=101 .325 [kPa] 

Tdb[1] =36 [C] 

Twb[1] =30 [C] 
m_dot[1] = 8 [kg/s] 

Tdb[2] =12 [C] 

Rh[2] = 1.0 
m_dot[2] = 10 [kg/s] 

P[1]=P 

P[2]=P[1] 

P[3]=P[1] 

"Energy balance for the steady-flow mixing process:" 

"We neglect the PE of the flow. Since we don't know the cross sectional area of the flow streams, we also neglect 
theKE of the flow." 

E_dot_in - E dot_out = DELTAE _dot_sys 
DELTAE_dot_sys = 0 [kW] 

E_dot_in = m_dot[1]*h[1]+m_dot[2]*h[2] 

E_dot_out = m_dot[3]*h[3] 

"Conservation of mass of dry air during mixing:" 
m_dot[1]+m_dot[2] = m_dot[3] 

"Conservation of mass of water vapor during mixing:" 
m_dot[1 ]*w[1 ]+m_dot[2]*w[2] = m_dot[3]*w[3] 
m_dot[1]=V_dot[1]/v[1]*convert(1/min,1/s) 
m_dot[2]= V_d ot[2]/v[2]*co nvert( 1 /m i n , 1 1s) 
h[1]=ENTHALPY(AirH20,T=Tdb[1],P=P[1],B=Twb[1]) 

Rh[1]=RELHUM(AirH20,T=Tdb[1],P=P[1],B=Twb[1]) 

v[1]=VOLUME(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 

w[1]=HUMRAT(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 

h[2]=ENTHALPY(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

v[2]=V0LUME(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

w[2]=HUMRAT(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

Tdb[3]=TEMPERATURE(AirH20,h=h[3],P=P[3],w=w[3]) 

Rh[3]=RELHUM(AirH20,T=Tdb[3],P=P[3],w=w[3]) 
v[3]=VOLU ME(AirH20 ,T=Tdb[3], P=P[3] ,w=w[3]) 

Twb[2]=WETBULB(AirH20,T=Tdb[2],P=P[2],R=RH[2]) 

Twb[3]=WETBULB(AirH20,T=Tdb[3],P=P[3],R=RH[3]) 
m_dot[3]=V_dot[3]/v[3]*convert( 1 /min , 1 /s) 


m 2 

[kga/s] 

Tdb 3 

[C] 

Rh 3 

W 3 

[kgw/kga] 

0 

36 

0.6484 

0.02461 

2 

31.31 

0.7376 

0.02143 

4 

28.15 

0.7997 

0.01931 

6 

25.88 

0.8442 

0.0178 

8 

24.17 

0.8768 

0.01667 

10 

22.84 

0.9013 

0.01579 

12 

21.77 

0.92 

0.01508 

14 

20.89 

0.9346 

0.0145 

16 

20.15 

0.9461 

0.01402 
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w[3] [kgw/kga] Rh[3] Tdb[3] [C] 


14-66 



m[2] [kga/s] 



m[2] [kga/s] 



rh[2] [kga/s] 
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14-104E Two airstreams are mixed steadily. The mass flow ratio of the two streams for a specified mixture relative humidity 
and the relative humidity of the mixture are to be determined. 

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 

Properties Properties of each inlet stream are determined from the psychro metric chart (Fig. A-31E or from EES) to be 


h x =20.3 Btu/lbmdry air 

co x = 0.0076 lbm H 2 0/lbm dry air 


and 


h 2 = 48.7 Btu/lbmdry air 

co 2 = 0.0246 lbm H 2 O/lbm dry air 

Analysis An application of Eq. 14-24, which are obtained by 
combining the conservation of mass and energy equations for the 
adiabatic mixing of two streams gives 

Wal _ 60 2 ~ 0J 3 _ ^2 ~ ^3 
m a 2 ®3 - ®1 h 3 - h \ 

m al 0.0246 - 48.7 - h 3 

m a2 ® 3 -0.0076 /z 3 -20.3 



This equation cannot be solved directly. An iterative solution is needed. A mixture relative humidity <f>\ is selected. At this 
relative humidity and the given temperature (70°F), specific humidity and enthalpy are read from the psychrometric chart. 
These values are substituted into the above equation. If the equation is not satisfied, a new value of <jh is selected. This 
procedure is repeated until the equation is satisfied. Alternatively, EES software can be used. We used the following EES 
program to get these results: 

<f> 3 = 1 00 % 

® 3 = 0.01581bmH 2 0/lbmdry air 
h 3 = 34.0 Btu/lbmdry air 


<2 


"Given" 

P=1 4.696 [psia] 

T_1 =50 [F] 

phi 1 =1.0 

T_2=90 [F] 
phi_2=0.80 
T_3=70 [F] 

"Analysis" 

Fluid$='AirH20' 

"1st stream properties" 
h_1=enthalpy(Fluid$, T=T_1, P=P, R=phi_1) 

w_1=humrat(Fluid$, T=T_1, P=P, R=phi 1 ) 

"2nd stream properties" 
h_2=enthalpy(Fluid$, T=T_2, P=P, R=phi_2) 
w_2=humrat(Fluid$, T=T_2, P=P, R=phi_2) 
(w_2-w_3)/(w_3-w_1 )=(h_2-h_3)/(h_3-h_1 ) 
Ratio=(w_2-w_3)/(w_3-w_1 ) 

"mixture properties" 

phi_3=relhum(Fluid$, h=h_3, P=P, T=T_3) 
h_3=enthalpy(Fluid$, R=phi_3, P=P, T=T_3) 
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Wet Cooling Towers 


14-68 


14-105C The working principle of a natural draft cooling tower is based on buoyancy. The air in the tower has a high 
moisture content, and thus is lighter than the outside air. This light moist air rises under the influence of buoyancy, inducing 
flow through the tower. 


14-106C A spray pond cools the warm water by spraying it into the open atmosphere. They require 25 to 50 times the area 
of a wet cooling tower for the same cooling load. 
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14-107 Water is cooled by air in a cooling tower. The volume flow rate of air and the mass flow rate of the required makeup 
water are to be determined. 

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 


Analysis {a) The mass flow rate of dry air through the tower remains constant (m al = m a2 = m a ) , but the mass flow rate of 

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and 
energy balances yields 

Dry Air Mass Balance : 


2>V; = Xm ai 

Water Mass Balance : 


m a ) =m„ o = m 


a 2 


> m 3 + m aX co x = m 4 + m a2 co 2 

m 3 - m 4 = m a (® 2 - (o x ) = m makeup 

Energy Balance : 

fp _ Z 7 —Ai? 710 (steady) _ 

^in ^out ” system — u 

Ein = E out 

Z w , = Z m e h e since Q = W = 0 

0 = Z m e h e - Z rhjhj 

0 = m a2 h 2 +m 4 h 4 -m aX h\ -m 3 h 3 
0 = m a (h 2 -/;,) + (m 3 - m nakeup )h 4 - m 3 h 3 

Solving for m a , 

m 3 (h 3 -h 4 ) 

m a = 1 

(h 2 -h l )-(co 2 - co x )h 4 

From the psychrometric chart (Fig. A-31), 
h x - 49.9 kJ/kg dry air 
co x = 0.0105 kg H 2 0/kg dry air 
c/, = 0.853 m 3 /kg dry air 


32°C 

100 % 



t 


Makeup water 


and 


h 2 = 1 10.7 kJ/kg dry air 
co 2 = 0.0307 kg H 2 0/kg dry air 

From Table A-4, 

h 3 = hj @4Q o C = 167.53 kJ/kg H 2 0 
h 4 =hj- @2 5 ° c = 104.83 kJ/kg H 2 0 


Substituting, 


(90 kg/s)(167.53 - 104.83)kJ/kg 
(1 1 0.7 - 49.9) kJ/kg - (0.0307 - 0.0 1 05)(1 04.83) kJ/kg 


96. 2 kg/s 


Then the volume flow rate of air into the cooling tower becomes 
(/, = m a i/, = (96.2 kg/s )(0. 854m 3 /kg) = 82.2m 3 /s 
( b ) The mass flow rate of the required makeup water is determined from 

m makeup = ~ ) = (96.2 kg/s)(0. 0307 -0.0105) = 1.94 kg/s 
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14-108E Water is cooled by air in a cooling tower. The volume flow rate of air and the mass flow rate of the required 
makeup water are to be determined. 

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 

Analysis ( a ) The mass flow rate of dry air through the tower remains constant (m al = m a2 = rh a ) , but the mass flow rate of 

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass 
balance and the energy balance equations yields 

Dry Air Mass Balance: 

= Sm a , e > m a 1 = m a2 = m a 


Water Mass Balance: 



h x = 30.9 Btu/lbmdry air 

co x = 0.0115 lbmH 2 0/lbm dry air 

v x = 13.76ft 3 /lbm dry air 


and 

h 2 = 63.2 Btu / lbm dry air 
0 ) 2 = 0.0366 lbm H 2 0 / lbm dry air 

From Table A-4E, 

h 3 =h/@ i iq>f = 78.02 Btu/lbmH 2 0 
h 4 =h/ @so o F = 48.07 Btu/lbmH 2 0 

Substituting, 

(100 lbm/s)(78.02 - 48.07)Btu/lbm ^ 011 , 

m n = = 96.31bm/s 

(63.2 - 30.9) Btu/lbm- (0.0366 - 0.01 15)(48.07) Btu/lbm 

Then the volume flow rate of air into the cooling tower becomes 

v x =m a v x =(96.3 lbm/s)(13.76 ft 3 /lbm) = 1325 ft 3 /s 

( b ) The mass flow rate of the required makeup water is determined from 

^makeup = 2 ~ co \) = (96.3 lbm/ s)(0.0366 - 0.0 1 1 5) = 2.42 lbm/s 
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14-109 Water is cooled by air in a cooling tower. The volume flow rate of air and the mass flow rate of the required makeup 
water are to be determined. 

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 

Analysis ( a ) The mass flow rate of dry air through the tower remains constant (m aX = m a2 = m a ) , but the mass flow rate of 

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 

The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and 
energy balances yields 

Dry Air Mass Balance : 


= Hm at 

Water Mass Balance : 


m aX = m..o = m 


a 2 


= X m we -» m 3 -\-m aX co x = m 4 + m a2 co 2 


AIR 30°C 


EXIT 


© 


95% 



v x = 0.8480 m 3 /kg dry air 


and 


h 2 = 96. 13 kJ/kg dry air 

co 2 = 0.02579 kg H 2 0/kg dry air 

From Table A-4, 

h 3 = hf @4Q o C =167.53 kJ/kg H 2 0 
h 4 = hf@ 33 o C =138.28 kJ/kg H 2 0 

Substituting, 

(60 kg/s)(167.53 - 138.28)kJ/kg 


m a = 


= 35.76 kg/s 


(96. 13 - 44.70) kJ/kg - (0.02579 - 0.008875)(1 38.28) kJ/kg 
Then the volume flow rate of air into the cooling tower becomes 
0 l =m a v l = (35.76 kg/s)(0. 8480 m 3 / kg) = 30.3 m 3 /s 
(b) The mass flow rate of the required makeup water is determined from 

^makeup = (^2 _ ) = (35.76 kg/s)(0. 02579 - 0.008875) = 0.605 kg/s 
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14-110 Water is cooled by air in a cooling tower. The volume flow rate of air and the mass flow rate of the required makeup 
water are to be determined. 

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 

Analysis (a) The mass flow rate of dry air through the tower remains constant (m al = m a2 = m a ) , but the mass flow rate of 


liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and 
energy balances yields 
Dry Air Mass Balance : 

= X m ae — 


-> m al = m a2 = m a 


35°C 

100 % 



and 




Pal 


(0.287 kPa • m 3 / kg • K)(293 K) 
94.363 kPa 


= 0.891 m 3 /kg dry air 


co x 


0.622 P vl 
Pi ~ Pa 


0.622(1.637 kPa) 
(96-1.637) kPa 


0.0108kg H 2 0/kg dry air 


hy = c p T { + co x h gX = (1.005 kJ/kg • °C)(20°C) + (0.0108)(2537.4kJ/kg) = 47.5 kJ/kg dry air 
P v 2 = ^ 2 P g 2 = ^sat@ 35 °c = (1.00X5.6291 kPa) = 5.6291 kPa 


Gh 


0.622 P v2 

P 2 ~ P\ 2 


0.622(5.6291 kPa) ^ ^ . 

= 0.0387 kg H 9 0/kg dry air 

(96- 5.6291) kPa 


h 2 = c p T 2 + co 2 h g2 = (1.005 kJ/kg • °C)(35°C) + (0.0387)(2564.6kJ/kg) = 134.4 kJ/kg dry air 


From Table A-4, 

h 3 =/iy@ 40 o C = 167.53 kJ/kg H 2 0 
h 4 =hj-@ 3o°c = 125.74 kJ/kg H 2 0 
Substituting, 

(25 kg/s)(167.53 - 125.74)kJ/kg 

m = 

(134.4 - 47.5) kJ/kg - (0.0387 - 0.0108)(125.74) kJ/kg 


12.53kg/s 


Then the volume flow rate of air into the cooling tower becomes 
l/ t =m a </ j = (12.53kg/s)(0.891m 3 /kg) = 11.2m 3 /s 
(b) The mass flow rate of the required makeup water is determined from 

^makeup “ (^2 _ &i ) = (12.53 kg/s)(0.0387 - 0.0108) = 0.35 kg/s 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



14-73 


14-111E Water is cooled by air in a cooling tower. The mass flow rate of dry air is to be determined. 

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 

Analysis The mass flow rate of dry air through the tower remains constant ( [m aX = m a2 = m a ) , but the mass flow rate of 

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and 
energy balances yields 

Dry Air Mass Balance : 


Hm ai =Im„ > m al = m a2 = m a 

Water Mass Balance : 

2 >V« =^ W V« + rh a l 0} l = m 4 +’ h a2 0} 2 

m 3 - m 4 = m a ( co 2 -&>,) = w'Weup 

Energy Balance : 


^in -^out ^^system 


710 (steady) _ 


= 0 


^in _ ^out 


Z injii = Z m e h e (since Q-W =0) 

0 = Z m e h e - Z mfy 

0 = m a2 h 2 + m 4 h 4 - m aX h x - m 3 h 3 
0 = m a (/^ -h x ) + (m 3 - m makeup )/% - 


Solving for m a , 

m 3 (h 3 -h 4 ) 

m a = 

(h 2 —h x ) — {a> 2 -co x )h 4 

From the psychrometric chart (Fig. A-31E), 

h x = 19.9 Btu/lbmdry air 

co x = 0.00391 lbm H 2 O/lbm dry air 

c/j = 13.31 ft 3 /lbm dry air 


AIR 75°F 

EXIT 80% 



AIR 
INLET 
1 atm 
65 °F 
30% 


water 


and 


h 2 = 34.3 Btu/lbmdry air 

co 2 = 0.0149 lbm H 2 O/lbm dry air 


From Table A-4E, 

h 3 =hf@ 95 o C =63.04Btu/lbmH 2 O 
h 4 =/ 2 /@ 80 o C =48.07 Btu/lbmH 2 0 


Substituting, 


m 


a 


(3 lbm/s)(63.04 - 48.07)Btu/lbm 
(34.3 - 19.9) Btu/lbm- (0.0149 - 0.0039 1)(48.07) Btu/lbm 


3.22lbm/s 
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14-112E Water is cooled by air in a cooling tower. The exergy lost in the cooling tower is to be determined. 

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 

Analysis The mass flow rate of dry air through the tower remains constant ( [m aX = m a2 = m a ) , but the mass flow rate of 

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and 
energy balances yields 

Dry Air Mass Balance : 


Hm ai =Im„ 


m aX = m,.n = m 


a 2 



AIR 
INLET 
1 atm 
65°F 
30% 


h x = 19.9 Btu/lbmdry air 

co x = 0.00391 lbm H 2 O/lbm dry air 

c/j = 13.31 ft 3 /lbm dry air 


and 


h 2 = 34.3 Btu/lbmdry air 

co 2 = 0.0149 lbm H 2 O/lbm dry air 

From Table A-4, 

h 3 = hf@ 95 o F = 63.04Btu/lbmH 2 O 
h 4 = h @ 80 o F = 48.07 Btu/lbmH 2 0 


Substituting, 


(3 lbm/s)(63.04 - 48.07)Btu/lbm „ , 

m n = = 3.22 lbm/s 

(34.3 - 19.9) Btu/lbm- (0.0149 - 0.00391)( 48.07) Btu/lbm 


The mass of water stream at state 3 per unit mass of dry air is 


m 3 


m 3 

m a 


3 lbm water/s 
3.22 lbm dry air/s 


= 0.9317 lbm water/lbm dry air 
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The mass flow rate of water stream at state 4 per unit mass of dry air is 


14-75 


m 4 = ra 3 — (co 2 — C0\) = 0.9317 - (0.0149 - 0.00391) = 0.9207 lbm water/lbm dry air 

The entropies of water streams are 

s 3 = Sf@ 95 o F = 0. 12065 Btu/lbm- R 
s 4 = s y @80 o F =0.09328 Btu/lbm - R 


The entropy change of water stream is 

As 1 water = m 4 s 4 ~ m 3 s 3 = 0.9207 x 0.09328 - 0.9317 x 0. 12065 = -0.02653 Btu/R • lbm dry air 
The entropies of water vapor in the air stream are 
s g \ ~ $ g @ 65 °f = 2.0788 Btu/lbm- R 
s g2 = s g @ 80 °f - 2.0352 Btu/lbm - R 

The entropy change of water vapor in the air stream is 

Ay vapor - C0 2 s g 2 ~ °h s gi - 0.0149 x 2.0352 - 0.00391 x 2.0788 = 0.02220 Btu/R • lbm dry air 


The partial pressures of water vapor and dry air for air streams are 

P vl =^\P g \ = $\ ^sat @ 65 °f = (0.30X0.30578 psia) = 0.0917 psia 
p al =p { - p vl = 14.696 - 0.0917 = 14.60 psia 
P \2 ~ $2 Pg 2 “^ 2 ^sat@ 75 °F = (0.80)(0.43016 psia) = 0.3441 psia 
p a2 =p 2 - p v2 = 14.696 - 0.3441 = 14.35 psia 


The entropy change of dry air is 


T P 

As a =s 2 -s x =c p \n--R In 


a2 




P 


a 1 


535 14 35 

= (0.240) In (0.06855) In — : — = 0.0057 12 Btu/lbm dry air 

525 14.60 


The entropy generation in the cooling tower is the total entropy change: 

s gen = A y water + A.y vapor + A s a = -0.02653 + 0.02220 + 0.005712 = 0.001382 Btu/R • lbm dry air 

Finally, the exergy destruction per unit mass of dry air is 

x dest -To^gen = (525 R)(0.001 382 Btu/R- lbm dry air) =0.726Btu/lbm dry air 
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Review Problems 


14-113 Dry air flows over a water body at constant pressure and temperature until it is saturated. The molar analysis of the 
saturated air and the density of air before and after the process are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Properties The molar masses of N 2 , 0 2 , Ar, and H 2 0 are 28.0, 32.0, 39.9 and 18 kg / kmol, respectively (Table A-l). The 
molar analysis of dry air is given to be 78.1 percent N 2 , 20.9 percent 0 2 , and 1 percent Ar. The saturation pressure of water 
at 25°C is 3.1698 kPa (Table A-4). Also, 1 atm = 101.325 kPa. 

Analysis ( a ) Noting that the total pressure remains constant at 101.32 kPa during this process, the partial pressure of air 
becomes 


P = Pm+Py apor^air = ^-^ = 101.325-3.1698 = 98.155 kPa 


Then the molar analysis of the saturated air becomes 


y h 2 o 


^h 2 o 

P 


3.1698 

101.325 


0.0313 


^n 2 = 
= 

y Ar = 


P 


N- 


P 


P, 


O- 


P 


P 


Ar 


P 


y N 2 ,dry -^dry air 

P 

y 0 2 ,dry^dry air 


P 

y Ar,dry ^dry air 

P 


0.781(98.155 kPa) 
101.325 

0.209(98. 155 kPa) 
101.325 

0.01(98.155 kPa) _ 
101.325 


= 0.7566 


= 0.2025 
0.0097 



( b ) The molar masses of dry and saturated air are 

M dry . air = ^ y, Mj = 0.78 1 x 28.0 + 0.209 x 32.0 + 0.01 x 39.9 = 29.0 kg / kmol 

M sat air = = 0.7566 x 28.0 + 0.2025 x 32.0 + 0.0097 x 39.9 + 0.03 13 x 1 8 = 28.62 kg / kmol 


Then the densities of dry and saturated air are determined from the ideal gas relation to be 

P 101.325 kPa 


Pd 


ry air 


(R u I M lUylln )T [(8.314kPa-m 3 /kmolK)/29.0kg/kmol](25 + 273)K 


= 1.186 kg/m 


/A at. air 


P 


101.325 kPa 


(R u /M satair )T [(8.314kPa-m 3 /kmol-K)/28.62kg/kmol](25 + 273)K 


= 1.170 kg/m 


Discussion We conclude that the density of saturated air is less than that of the dry air, as expected. This is due to the molar 
mass of water being less than that of dry air. 
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14-114E The error involved in assuming the density of air to remain constant during a humidification process is to be 
determined. 

Properties The density of moist air before and after the humidification process is determined from the psychrometric chart 
(Fig. A-3 IE) to be 


T x = 80°F 
(j) x = 25% 


Pair,! =0.0729 lbm/fi 3 


T x = 80°F 
<J> X =75% 


Anr,2 =0.0716 lbm/fi 3 


Analysis The error involved as a result of assuming constant 


f A p- ^ (0.0729-0.0716) lbm/ft 

%Error = -^ L xl00 = — 


x 


Pair, 1 


0.0729 lbm/ft 


air density is then determined to be 
100 = 1.7% 


which is acceptable for most engineering purposes. 


14-115 Air is compressed by a compressor and then cooled to the ambient temperature at high pressure. It is to be 
determined if there will be any condensation in the compressed air lines. 

Assumptions The air and the water vapor are ideal gases. 

Properties The saturation pressure of water at 20 °C is 2.3392 kPa (Table A-4).. 

Analysis The vapor pressure of air before compression is 

P v i = fa P g =^sat@ 25 °c =(0.50X2.3392kPa) = 1.17kPa 

The pressure ratio during the compression process is (800 kPa)/(92 kPa) = 8.70. That is, the pressure of air and any of its 
components increases by 8.70 times. Then the vapor pressure of air after compression becomes 

P\ 2 ~ p v\ x (Pressure ratio) =(1.17 kPa)(8.70) = 10.2kPa 
The dew-point temperature of the air at this vapor pressure is 
^dp = ^sat @ P v2 ~ ^sat @ 1 0.2 kPa = 46. 1 °C 

which is greater than 20°C. Therefore, part of the moisture in the compressed air will condense when air is cooled to 20°C. 
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14-1 16E The required size of an evaporative cooler in cfm (ft /min) for an 8 -ft high house is determined by multiplying the 
floor area of the house by 4. An equivalent rule is to be obtained in SI units. 

Analysis Noting that 1 ft = 0.3048 m and thus 1 ft 2 = 0.0929 m 2 and 1 ft 3 = 0.0283 m 3 , and noting that a flow rate of 4 
ft/min is required per ft of floor area, the required flow rate in SI units per m of floor area is determined to 

lft 2 4 ft 3 / min 
0.0929m 2 4 x 0.0283m 3 /min 

lm 2 1.22 m 3 / min 

Therefore, a flow rate of 1.22 m /min is required per m of floor area. 


14-117 A cooling tower with a cooling capacity of 105 kW is claimed to evaporate 4000 kg of water per day. It is to be 
determined if this is a reasonable claim. 


Assumptions 1 Water evaporates at an average temperature of 30°C. 2 The coefficient of performance of the air- 
conditioning unit is COP = 3. 

Properties The enthalpy of vaporization of water at 30°C is 2429.8 kJ/kg (Table A-4). 

Analysis Using the definition of COP, the electric power consumed by the air conditioning unit when running is 



^cooling 

COP 


105 kW 
3 


= 35kW 


Then the rate of heat rejected at the cooling tower becomes 
Srejected = Scooting + = 105 + 35 = 140 kW 


Noting that 1 kg of water removes 2429.8 kJ of heat as it evaporates, the amount of water that needs to evaporate to remove 
heat at a rate of 140 kW is determined from 2 re j ected = ^ W ater^ f g t0 


m water 


^rejected 



140kJ/s 
2429. 8 kJ/kg 


= 0.05762 kg/s = 207.4 kg/h = 4978 kg/day 


In practice, the air-conditioner will run intermittently rather than continuously at the rated power, and thus the water use will 
be less. Therefore, the claim amount of 4000 kg per day is reasonable. 


14-118 Shading the condenser can reduce the air-conditioning costs by up to 10 percent. The amount of money shading can 
save a homeowner per year during its lifetime is to be determined. 

Assumptions It is given that the annual air-conditioning cost is $500 a year, and the life of the air-conditioning system is 20 
years. 

Analysis The amount of money that would be saved per year is determined directly from 
($500/ year)(20 years)(0.10) = $1000 

Therefore, the proposed measure will save about $1000 during the lifetime of the system. 
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14-119E Wearing heavy long-sleeved sweaters and reducing the thermostat setting 1°F reduces the heating cost of a house 
by 4 percent at a particular location. The amount of money saved per year by lowering the thermostat setting by 4°F is to be 
determined. 

Assumptions The household is willing to wear heavy long-sleeved sweaters in the house, and the annual heating cost is 
given to be $600 a year. 

Analysis The amount of money that would be saved per year is determined directly from 
($600 / year)(0.04/° F)(4° F) = $96 / year 

Therefore, the proposed measure will save the homeowner about $100 during a heating season.. 


14-120 Air at a specified state is heated to to a specified temperature. The relative humidity after the heating is to be 
determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m al = m a2 =m a ) .2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

Analysis The properties of the air at the ambient state are determined from the psychro metric chart (Figure A-31) to be 


cO\ = 0.0015 kg H 2 0/kg dry air (= co 2 ) 

As the outside air infiltrates into the dacha, it does not gain or 
lose any water. Therefore the humidity ratio inside the dacha is 
the same as that outside, 

co 2 =co l = 0.0015 kg H 2 0/kg dry air 

Entering the psychrometry chart at this humidity ratio and the 
temperature inside the dacha gives 

(j) 2 = 0. 1 1 84 or 11 . 8 % 
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14-121 Air is humidified by evaporating water into this air. The amount of heating per m of air is to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m al = m a2 = ih a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31 or EES) to be 

^=21 .93 kJ/kg dry air 
co x = 0.001504 kg H 2 0/kg dry air 

t/j = 0.8268 m 3 /kg dry air 
and 

h 2 = 34.34 kJ/kg dry air 
co 2 - 0.006401 kg H 2 0/kg dry air 

Also, 


1 atm 
18°C 
11.84% 


I Water 
* 20°C 


AIR 


18°C 

50% 


h w = hj @ 20 °c =83.915 kJ/kg (Table A-4) 

Analysis The amount of moisture in the air increases due to humidification (co 2 > co i). Applying the water mass balance and 
energy balance equations to the combined cooling and humidification section, 

Water Mass Balance : 


^ m we >m a i®i =m a2 (o 2 +m w 

Energy Balance : 

p _p _a p <P0 (steady) _ q 
^out system 

K = %t 


Z »(,/!,■ +Q m =z m e h e 

Gin = m a 2 h 2 - lil al h \ ~ ™wK = Oh. ~ >h ) - mjl 


<y,„ =h 2 -h x -((O 2 - 0)\ )h w 


= (34.34 - 21.93)kJ/kg - (0.006401 - 0.001504X83.915) 
= 12.00 kJ/kg dry air 
The heat transfer per unit volume is 

e ,„ - 1 *-- . 14 . 5 kJ/nn 3 

0. 8268 m 3 /kg dry air 
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14-122E Air is cooled by evaporating water into this air. The amount of water required and the cooling produced are to be 
determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m al = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychro metric chart (Figure A-31E) to be 


h x = 35.6 Btu/lbmdry air 

co x = 0.0082 lbmH 2 O/lbm dry air 


and 

h 2 =34.3 Btu/lbmdry air 

co 2 = 0.0149 lbmH 2 O/lbm dry air 

Also, 


1 atm 
1 10°F 
15% 



75°F 

80% 


h w =h j- @ 7 Q° F = 38.08 Btu/lbm (Table A-4E) 

Analysis The amount of moisture in the air increases due to humidification (co 2 > co j). Applying the water mass balance and 
energy balance equations to the combined cooling and humidification section, 

Water Mass Balance : 


Hm w ,i = £ m »,e >ljl a l co l = m a2°h + m w 

A(o = co 2 -co x =0.0149 - 0.0082 = 0. 0067lbmH 2 0/klbmdry air 


Energy Balance : 


p _ p _ a F (steady) _ ^ 

— ZA/^ system — u 


in 


'out 

E =E 


in 


out 


'Zm i h i =Q 0Ut + 'Lm e h t 


Qout = KA + fh wK - m a 2 h 2 = m a Oh - h 2) + >KK 

Qoul = h l ~ h 2 +(®2 


= (335.6- 34.3)Btu/lbm+ (0.0067)(38.08) 


= 1 .47Btu/lbm dry air 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



14-82 


14-123E Air is humidified adiabatically by evaporating water into this air. The temperature of the air at the exit is to be 
determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (m al = m a2 = th a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

Properties The inlet state of the air is completely specified, and the total pressure is 1 atm. The properties of the air at the 
inlet state are determined from the psychro metric chart (Figure A-31E) to be 

h x =35.6 Btu/lbmdry air 

co x = 0.0082 lbmH 2 O/lbm dry air 

and h w = hj@ 70 o F =38.08 Btu/lbm (Table A-4E) 

Analysis The amount of moisture in the air increases due to humidification ( co 2 > &>i). Applying the water mass balance and 
energy balance equations to the combined cooling and humidification section, 

Water Mass Balance : 


Ih'V/ =Hm we >m a 1®1 =m a 2 0) 2 +m w 

m w = m a (ffl 2 - m 1 ) 


Energy Balance : 

p _p - \p <^0 (steady) _ q 

^ in ^ out ” system — u 

^in = ^out 

Zm,/!,. =Z m e h e 
l KA +m w K =" l a2 h 2 

m w K 2~ h \) 

(®2 ~ ®1 ) h w — ^2 — ^1 


Substituting, 

(® 2 -0.0092X83.92) = h 2 -64.0 


1 atm 
1 10°F 
15% 


1 Water 
m 70°F 



The solution of this equation requires a trial -error method. An air exit temperature is assumed. At this temperature and the 
given relative humidity, the enthalpy and specific humidity values are obtained from psychrometric chart and substituted into 
this equation. If the equation is not satisfied, a new value of exit temperature is assumed and this continues until the equation 
is satisfied. Alternatively, an equation solver such as EES may be used for the direct results. We used the following EES 
program to get these results: 

T 2 = 79.6°F 

h 2 = 35.8 Btu/lbmdry air 

co 2 =0.01521bmH 2 0/lbmdry air 


"Given" 

P=1 4.696 [psia] 

T 1 =110 [F] 

phi 1 =0.1 5 

phi_2=0.70 
T_w=70 [F] 

"Analysis" 

Fluid1$='AirFI20' 

Fluid2$='steam_iapws' 

h_1=enthalpy(Fluid1$,T=T_1, R=phi_1, P=P) 
w_1=humrat(Fluid1$, T=T_1, R=phi_1, P=P) 
h_2=enthalpy(Fluid1$, T=T_2, R=phi_2, P=P) 
w_2=humrat(Fluid1$, T=T_2, R=phi_2, P=P) 
h_w=enthalpy(Fluid2$, T=T_w, x=0) 

q=o 

q=h_1 -h_2+(w_2-w_1 )*h_w 
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14-83 


14-124 A tank contains saturated air at a specified state. The mass of the dry air, the specific humidity, and the enthalpy of 
the air are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis {a) The air is saturated, thus the partial pressure of water vapor is equal to the saturation pressure at the given 
temperature, 

P v - P g - P sat @ 2 o° c = 2.339 kPa 
P a =P- P v = 90 - 2.339 = 87.66 kPa 

Treating air as an ideal gas, 

PV (87.66kPa)(1.8m 3 ) 

171 — = 

“ R a T (0.287 kPa • m 3 / kg • K)(293 K) 



(b) The specific humidity of air is determined from 


0.622 P v 

co = 

P-P 

L 1 v 


(0.622X2.339 kPa) 
(90 - 2.339) kPa 


= 0.0166 kgH 2 0/kgdry air 


(c) The enthalpy of air per unit mass of dry air is determined from 
h = h a + coh v = c p T + coli,, 

= (1.005 kJ/kg • °C)(20°C) + (0.0166)(2537.4kJ/kg) 

= 62.2 kJ/kg dry air 
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14-84 


14-125 



Problem 14-124 is reconsidered. The properties of the air at the initial state are to be determined and the 


effects of heating the air at constant volume until the pressure is 1 10 kPa is to be studied. 
Analysis The problem is solved using EES, and the solution is given below. 


"Input Data:" 

Tdb[1] = 20 [C] 

P[1]=90 [kPa] 

Rh[1]=1 .0 
P[2]=1 10 [kPa] 

Vol = 1.8 [m A 3] 

w[1]=HUMRAT(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 

v[1]=V0LUME(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 

m_a=Vol/v[1] 

h[1]=ENTHALPY(AirH20,T=Tdb[1],P=P[1],w=w[1 ]) 

"Energy Balance for the constant volume tank:" 

EJn - E_out = DELTAEjank 
DELTAEjank=m_a*(u[2] -u[1]) 

EJn = QJn 
E_out = 0 [kJ] 

u[1]=INTENERGY(AirH20,T=Tdb[1],P=P[1],w=w[1]) 

u[2]=INTENERGY(AirH20,T=Tdb[2],P=P[2],w=w[2]) 

"The ideal gas mixture assumption applied to the constant volume process yields:" 
P[1]/(Tdb[1]+273)=P[2]/(Tdb[2]+273) 

"The mass of the water vapor and dry air are constant, thus:" 
w[2]=w[1] 

Rh[2]=RELHUM(AirH20,T=Tdb[2],P=P[2],w=w[2]) 

h[2]=ENTHALPY(AirH20,T=Tdb[2],P=P[2],w=w[2]) 

v[2]=V0LUME(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

PROPERTIES AT THE INITIAL STATE 
h[1]=62.25 [kJ/kga] 
m_a=1.875 [kga] 
v[1]=0.9599 [m A 3/kga] 
w[1 ]=0.01659 [kgw/kga] 



p 2 

[kPa] 

Qin 

[kJ] 

90 

0 

92 

9.071 

94 

18.14 

96 

27.22 

98 

36.29 

100 

45.37 

102 

54.44 

104 

63.52 

106 

72.61 

108 

81.69 

110 

90.78 


P[2] [kPa] 
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14-126E Air at a specified state and relative humidity flows through a circular duct. The dew-point temperature, the 
volume flow rate of air, and the mass flow rate of dry air are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis (a) The vapor pressure of air is 

AIR 

P v = </P g = ^satoeoPF = (0.70)(0.2564 psia) = 0.1795 psia 15 ps i a 

35 f/s 

Thus the dew-point temperature of the air is 60°F 70% 

^dp = ^sat @ P v = ^sat @ 0. 1 795psia = 50.2°F (from EES) 


(b) The volume flow rate is determined from 


7JD 

i/ = VA = V = (35 ft/s) 


(6/12 ft) 2 ^ 


= 6.872 ffVs 


(c) To determine the mass flow rate of dry air, we first need to calculate its specific volume, 
P a = P - P v =15 -0.1795 = 14.82 psia 


= 


R a T x (0.3704 psia • ft 3 /lbm- R)(520 R) 


P, 


a\ 


14.82 psia 


= 13.00 ft 3 / lbm dry air 


Thus, 


t'l 

m a\ = — = 


6.872 fi 3 /s 


= 0.529 lbm/s 


V\ 13.00ft /lbm dry air 
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14-86 


14-127 Air flows steadily through an isentropic nozzle. The pressure, temperature, and velocity of the air at the nozzle exit 
are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 =m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 


Analysis The inlet state of the air is completely specified, and the total 
pressure is 200 kPa. The properties of the air at the inlet state may be 
determined from the psychro metric chart (Figure A-31) or using EES 
psychrometric functions to be (we used EES) 

h x = 57.65 kJ/kg dry air 

co x = co 2 =0.008803 kg H 2 0/kg dry air (no condensation) 
s x =s 2 =5.613 kJ/kg. Kdry air (isentropic process) 



T 2 

Pi 

V 2 


We assume that the relative humidity at the nozzle exit is 100 percent since there is no condensation in the nozzle. Other exit 
state properties can be determined using EES built-in functions for moist air. The results are 


h 2 = 42.53 kJ/kg dry air 

P 2 =168.2kPa 

T 2 = 20°C 


An energy balance on the control volume gives the velocity at the exit 


h \ 

57.65 kJ/kg 


h 2 + (1 + co 2 ) 



42.53 kJ/kg + (1 + 0.008803) 


Vj ( 1 kJ/kg ' 

2 1 1000 m 2 /s 2 j 


173. 2 m/s 
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14-87 


14-128 Air enters a cooling section at a specified pressure, temperature, and relative humidity. The temperature of the air at 
the exit and the rate of heat transfer are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m a{ = m a2 — m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis (a) The amount of moisture in the air also remains constant ( co x = co 2 ) as it flows through the cooling section since 

the process involves no humidification or dehumidification. The total pressure is 97 kPa. The properties of the air at the inlet 
state are 


p v 1 =h.P g 1 = ^sat @ 35 °c - (0.3X5.629 kPa) = 1 .69 kPa 

P al = P t - P vl = 97 - 1 .69 = 95.3 1 kPa 

RJ\ (0.287 kPa • m 3 / kg • K)(308 K) 

Vl ~ P al ~ 95.3 lkPa 

= 0.927 nr 1 / kg dry air 



CQ X 


0.622 P vl 
Pi ~ Pa 


0.622(1.69 kPa) 
(97-1.69) kPa 


= 0.01 10kg H 2 0/kg dry air (=co 2 ) 


h l =c p T l +co l h gl =( 1.005 kJ/kg°C)(35°C) + (0.0110)(2564.6kJ/kg) = 63.44 kJ/kg dry air 


The air at the final state is saturated and the vapor pressure during this process remains constant. Therefore, the exit 
temperature of the air must be the dew-point temperature, 

^dp “ ^sat @ P v = ^sat @ 1.69kPa = 14.8°C 


( b ) The enthalpy of the air at the exit is 

h 2 =c p T 2 +co 2 h g2 =(1.005 kJ/kg • 0 C)(14.8°C) + (0.01 10)(2528. 1 kJ/kg) = 42.78 kJ/kg dry air 

Also 

t/i 6 m 3 /s 


m a = 


= 6.47 kg/min 


0.927 m 3 / kg dry air 
Then the rate of heat transfer from the air in the cooling section becomes 

2out = rh a (h x -h 2 ) = (6.47 kg/min)(63.44- 42.78)kJ/kg = 134 kj/min 
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14-88 


14-129 The outdoor air is first heated and then humidified by hot steam in an air-conditioning system. The rate of heat 
supply in the heating section and the mass flow rate of the steam required in the humidifying section are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( rh al = m a2 =m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The amount of moisture in the air also remains constants it flows through the heating section (eo l = co 2 ) , but 

increases in the humidifying section ( co 3 > co 2 ) . The inlet and the exit states of the air are completely specified, and the 

total pressure is 1 atm. The properties of the air at various states are determined from the psychrometric chart (Fig. A-31) to 
be 


h x — 23.47 kJ/kg dry air 

co x = 0.005322 kg H 2 0/kg dry air (= co 2 ) 

</j = 0.8090 m 3 /kg dry air 

h 2 = 3 1 .60 kJ/kg dry air 
co 2 =co l = 0.005322 kg H 2 0/kg dry air 

h 3 = 52.90 kJ/kg dry air 

co 3 =0.01089 kg H 2 O/kg dry air 


Analysis 


(a) The mass flow rate of dry air is 


l/, 


26 m 3 / min 


m a = — = 


V\ 0.8090m /kg 


= 32.14kg/min 



25°C 

55% 


Then the rate of heat transfer to the air in the heating section becomes 

2in = ™a ( h 2 -^i) = (32.14kg/min)(31.60-23.47)kJ/kg = 261 kj/min 


(b) The conservation of mass equation for water in the humidifying section can be expressed as 
m a2 (o 2 + m w = m a3 co 3 or m w = m a (co 3 - co 2 ) 


Thus, 

m w = (32. 14 kg/min)(0.01089 - 0.005322) = 0.179 kg/min 
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14-89 


14-130 Air is cooled and dehumidified at constant pressure. The system hardware and the psychro metric diagram are to be 
sketched and the heat transfer is to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 


Properties (a) The schematic of the cooling and dehumidifaction process and the the process on the psychrometric chart are 
given below. The psychrometric chart is obtained from the Property Plot feature of EES. 

0.050 
0.045 
0.040 

0.035 

O 

cb 0.030 

DC 

>? 0.025 
■| 0.020 
X 0.015 
0.010 
0.005 
0.000 

0 5 10 15 20 25 30 35 40 

T[°C] 

(b) The inlet and the exit states of the air are completely specified, and the total pressure is 101.3 kPa (1 atm). The 
properties of the air at the inlet and exit states are determined from the psychrometric chart (Figure A-31 or EES, we used 
EES.) to be 


AirH20 



and 


h x =99.60 kJ/kg dry air 

(o x = 0.02467 kg H 2 0/kg dry air 

T 2 = T dp - 10 = 28.37 - 10 = 18.37°C 
<*2=1-0 

h 2 = 52.09 kJ/kg dry air 

co 2 = 0.01324kg H 2 0/kg dry air 


Also, 


Cooling coils 




101.3 kPa 
Condensate 


0 


18.4°C 


Condensate 

removal 


7>36°C 

(/) X =65% 


h w =^/@i 8 . 37 °c —77. 11 kJ/kg (Table A-4) 


Analysis Applying the water mass balance and energy balance equations to the combined cooling and dehumidification 
section, 

Water Mass Balance : 


=I< e = ™a2&2 +m w 


m w = m a (m, -a> 2 ) 
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Energy Balance : 


'• —E = AF ^0 (steady) 
in ^out ^-^system w 

^in = ^out 

'Lm l h l = Q out + I,m e h e 

Gout = m a \ h \ ~ ("' a 2 h 2 + ><K’) 

= m a (h l -h 2 )-m w h w 
= m a {h x -h 2 )~ m a - a 2 )h w 


14-90 


Dividing by m a 

<?out = (*1 -h 2 )-{co x - co 2 )h w 
Substituting, 

q out =(h l -h 2 )-{co x - co 2 )h w -(99.60 -52.09) kJ/kg- (0.02467 -0.01324)(77. 11 kJ/kg) = 46.6k J/kg 
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14-131 Air is cooled and dehumidified in an air-conditioning system with refrigerant- 1 34a as the working fluid. The rate of 
dehumidification, the rate of heat transfer, and the mass flow rate of the refrigerant are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 =m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis (a) The saturation pressure of water at 30°C is 4.2469 kPa. Then the dew point temperature of the incoming air 
stream at 30°C becomes 

^dp — ^sat @ P v ~ -^sat @ 0.7x4.2469kPa — 24 ^ 


Since air is cooled to 20°C, which is below its dew point temperature, some of the moisture in the air will condense. 

The mass flow rate of dry air remains constant during the entire process, but the amount of moisture in the air 
decreases due to dehumidification ( co 2 <co x ) . The inlet and the exit states of the air are completely specified, and the total 

pressure is 1 atm. Then the properties of the air at both states are determined from the psychrometric chart (Fig. A-31) to be 


h x = 78.3 kJ/kg dry air 

co x = 0.0188 kg H 2 0/kg dry air 

-5 

v x = 0.885 nr /kg dry air 
and 

h 2 = 57.5 kJ /kg dry air 
co 2 = 0.0147 kg H 2 0/kg dry air 

Also, h w =h f@20 o C =83.915 kJ/kg (Table A-4) 

rp« . I'i 4m 3 /min . 

Then, m aX = — = = 4.52 kg/ min 

v x 0.885 m 3 /kg dry air 


® © 



Applying the water mass balance and the energy balance equations to the combined cooling and dehumidification section 
(excluding the refrigerant), 

Water Mass Balance : 


Tm wJ = Y.m we » m aX co x = m a2 co 2 +m w 

m w = m a (co x -co 2 ) = ( 4.52 kg/min)(0.0188 - 0.0147) = 0.0185 kg /min 
( b ) Energy Balance : 

F - F - A F 7,0 0 tead Y) _ o 

^in ^out “ LALu system — u 

-^in “ -^out 

E ntjhj = Q out + Z m e h e > Q out = m al h x - ( m a2 h 2 + m w h w ) = m a ( h x -h 2 )~ m w h w 


Q out = (4.52 kg/min)(78.3 - 57.5)kJ/kg - (0.0185 kg/min)(83.915kJ/kg) = 92.5kJ/min 
(c) The inlet and exit enthalpies of the refrigerant are 

h 3 =h g +x 3 h fg =88.82 + 0.2x176.21 = 124.06 kJ/kg 
/r 4 = h g @ 7 ookPa = 265.03 kJ/kg 

Noting that the heat lost by the air is gained by the refrigerant, the mass flow rate of the refrigerant becomes 

Q r 92.5kJ/min 


Q r = m R (h 4 -h 3 ) -> m R = 


h 4 -h 3 


(265.03 -124.06) kJ/kg 


= 0.66 kg/min 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



14-92 


14-132 Air is cooled and dehumidified in an air-conditioning system with refrigerant- 1 34a as the working fluid. The rate of 
dehumidification, the rate of heat transfer, and the mass flow rate of the refrigerant are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 

Analysis (a) The dew point temperature of the incoming air stream at 30°C is 
P v i =< / > \Pgi = $\ ^sat @ 30 °c = (0.7)(4.247 kPa) = 2.973 kPa 


^dp “^sat @P V _ ^sat@2.973kPa -23.9°C 

Since air is cooled to 20°C, which is below its dew point 
temperature, some of the moisture in the air will condense. 

The amount of moisture in the air decreases due to 
dehumidification ( co 2 < co x ) . The inlet and the exit states of the 

air are completely specified, and the total pressure is 95 kPa. 

The properties of the air at both states are determined to be 
P aX = P X - P vX = 90 - 2.973 = 87.03 kPa 





i/, = 


R a Ti 


P. 


(0.287 kPa-m 3 /kg -K)(303K) 3 . 

= 0.9992 m /kg dry air 


a\ 


0.622 P, 


( 0 \ = 


vl 


Pi - P vX 


87.03 kPa 

0.622(2.973 kPa) 
(90 - 2.973) kPa 


= 0.02125 kg H 2 0/kg dry air 


h x = c p T x + co x h gX = (1.005 kJ/kg • °C)(30°C) + (0.02125)(2555.6kJ/kg) = 84.45 kJ/kg dry air 




and 


Also, 


P V 2 =</> 2 P g 2 =a-00)P sat@ 2(rc = 2.3392 kPa 


*>2 


0.622 P v2 

p 2 ~ P v2 


0.622(2.3392 kPa) ^ . 

= 0.01660kg HoO/kg dry air 

(95 - 2.3392) kPa 


h 2 = c p T 2 + co 2 h g2 = (1.005 kJ/kg • °C)(20°C) + (0.01660)(2537.4kJ/kg) = 62.22 kJ/kg dry air 
h w =hj-@ 20 °c =83.915 kJ/kg (Table A-4) 


• o 

rpi • 4m/ min . . . 

Then, m al = — = = 4.003 kg/min 

V\ 0.9992 m 3 / kg dry air 

Applying the water mass balance and the energy balance equations to the combined cooling and dehumidification section 
(excluding the refrigerant), 


Water Mass Balance: =T,m we > m a x co x - m a2 co 2 +m vv 

m w = m a (co x — co 2 ) = (4.003 kg/min)(0.02125 - 0.01660) = 0.01861 l^/min 
{ b ) Energy Balance : 


F - F - A F 

-®n -^out — system 


710 (steady) 


-^in “ -^out 


= 0 


llm i h i = Q 0Ut +'Lm e h e 


> Qout = ™a\h\ -(rn a2 h 2 +m w h w ) = m a {h x -h 2 )-m w h w 


Q out = (4.003 kg/min)(84.45 - 62.22)kJ/kg - (0.01861 kg/min)(83.915 kJ/kg) = 87.44 kj/min 

(c) The inlet and exit enthalpies of the refrigerant are 

h 3 =h g + x 3 h jg = 88.82 + 0.2 x 176.26 = 124.07 kJ/kg 

h 4 =/*g@7ookPa = 265.08 kJ/kg 

Noting that the heat lost by the air is gained by the refrigerant, the mass flow rate of the refrigerant is determined from 
Q r =m R (h 4 -h 3 ) 


m R = 


Q 


R 


h 4 - h 3 


87 .44 kJ/min 
(265.08 -124.07) kJ/kg 


= 0.620 kg/min 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



14-93 


14-133 Air is heated and dehumidified in an air-conditioning system consisting of a heating section and an evaporative 
cooler. The temperature and relative humidity of the air when it leaves the heating section, the rate of heat transfer in the 
heating section, and the rate of water added to the air in the evaporative cooler are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX — m a2 =m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis (a) Assuming the wet-bulb temperature of the air remains constant during the evaporative cooling process, the 
properties of air at various states are determined from the psychrometric chart (Fig. A-31 or EES) to be 


T x = 15°C 
(j) x = 55% 


. h x = 29.8 kJ/kg dry air 
> co x = 0.00581 kg/ H 2 0/kg diy air 
J i/, = 0.824m 3 /kg 


C0 2 = CO\ 
^wb2 = ^wb3 

T 3 = 25°C ' 
(j} 3 =45% ’ 


'j T 2 

> $2 

h 2 

h 3 

( 0 3 

T wh , 


= 32.5°C 
= 19.2% 

= h 3 = 47.8 kJ / kg diy air 

= 47.8 kJ/kg dry air 
= 0.00888 kg/ H 2 0/kg dry 
= 17.1°C 


air 



25 °C 
45% 


(b) The mass flow rate of dry air is 

0 X _ 30 m 3 / min 

0.824m 3 /kg dry air 


= 36.4 kg/min 


Then the rate of heat transfer to air in the heating section becomes 

2in = K ( h 2 ~K) = (36.4 kg/min)(47. 8 - 29.8)kJ/kg = 655 kj/min 
(c) The rate of water added to the air in evaporative cooler is 

'Vadded =™w3 -™w2 =™a(°>3 ~ <*>2 ) = ( 36 - 4 kg/min)(0.00888 - 0.00581) = 0.112 kg/min 
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14-134 



Problem 14-133 is reconsidered. The effect of total pressure in the range 94 to 100 kPa on the results 


required in the problem is to be studied. 

Analysis The problem is solved using EES, and the solution is given below. 


P=101.325 [kPa] 

Tdb[1] =15 [C] 

Rh[1] = 0.55 

Vol_dot[1]= 30 [m A 3/min] 

Tdb[3] = 25 [C] 

Rh[3] = 0.45 

P[1] = P 
P[2]=P[1] 

P[3]=P[1] 

"Energy balance for the steady-flow heating process 1 to 2:" 

"We neglect the PE of the flow. Since we don't know the cross sectional area of the flow streams, we also neglect 
theKE of the flow." 

E_dot_in - E_dot_out = DELTAE_dot_sys 
DELTAE_dot_sys = 0 [kJ/min] 

E_dot_in = m_dot_a*h[1]+Q_dot_in 
Edotout = mdota*h[2] 

"Conservation of mass of dry air during mixing: m_dot_a = constant" 
mdota = Vol_dot[1]/v[1] 

"Conservation of mass of water vapor during the heating process:" 
mdota*w[1] = m_dot_a*w[2] 

"Conservation of mass of water vapor during the evaporative cooler process:" 
mdota*w[2]+mdotw = m_dot_a*w[3] 

"During the evaporative cooler process:" 

Twb[2] = Twb[3] 

Twb[3] =WETBULB(AirH20,T=Tdb[3],P=P[3],R=Rh[3]) 
h[1]=ENTHALPY(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 
v[1]=VOLUME(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 
w[1]=HUMRAT(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 

{h[2]=ENTHALPY(AirH20,T=Tdb[2],P=P[2],B=Twb[2])} 

h[2]=h[3] 

Tdb[2]=TEMPERATURE(AirH20,h=h[2],P=P[2],w=w[2]) 

w[2]=HUMRAT(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

h[3]=ENTHALPY(AirH20,T=Tdb[3],P=P[3],R=Rh[3]) 

w[3]=HUMRAT(AirH20,T=Tdb[3],P=P[3],R=Rh[3]) 


p 

[kPa] 

m w 

[kg/min] 

Qin 

[kJ/min] 

Rh 2 

Tdb 2 

[C] 

94 

0.1118 

628.6 

0.1833 

33.29 

95 

0.1118 

632.2 

0.1843 

33.2 

96 

0.1118 

635.8 

0.1852 

33.11 

97 

0.1118 

639.4 

0.186 

33.03 

98 

0.1118 

643 

0.1869 

32.94 

99 

0.1117 

646.6 

0.1878 

32.86 

100 

0.1117 

650.3 

0.1886 

32.78 
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[kg/min] Q in [kJ/min] Tdb[2] [C] 


14-95 



P [kPa] 



94 95 96 97 98 99 100 


P [kPa] 



P [kPa] 
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14-135 Air is heated and dehumidified in an air-conditioning system consisting of a heating section and an evaporative 
cooler. The temperature and relative humidity of the air when it leaves the heating section, the rate of heat transfer in the 
heating section, and the rate at which water is added to the air in the evaporative cooler are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 =m a ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis ( a ) Assuming the wet-bulb temperature of the air remains constant during the evaporative cooling process, the 
properties of air at various states are determined to be | 


P v i =faP g i =^s at@ 1 5 °c = (0.55X1.7057 kPa) = 0.938 kPa 
P a{ = P X - P vl = 96- 0.938 = 95.06 kPa 


i/i = 


R a Ti 


P. 


a 1 


(0.287 kPa • nr 3 / kg • K)(288 K) 
95.06 kPa 


15°C 

55% — 

30 m 3 /min 


y Heating \ 
coils 



Water 


pn 


AIR 


96 kPa 
T 2 


(Ox = 


= 0.8695 m 3 / kg dry air 

0.622 P vl _ 0.622(0.8695 kPa) 
_ " (96 - 0.8695) kPa 


25°C 

45% 


0 


0 


p i - p v i 


= 0.006138kg H 2 0/kg dry air 


h x = Cp T x +co x h sl = (1.005 kJ/kg • °C)(15°C) + (0.006138)(2528.3kJ/kg) = 30.59 kJ/kgdry air 




and 


P v 3 —faPgs — ^ 3 ^sat@ 25 °c — (0.45)(3. 17 kPa) — 1 .426 kPa 
P a3 =p 3 - p v3 =96-1 .426 = 94.57 kPa 
0.622 P v3 0.622(1 .426 kPa) 


a>? = 


P, ~ P v 3 


= 0.009381kg H 2 0/kg dry air 


Also, 


(96-1.426) kPa 

h 3 = Cp T 3 + co 3 h g 3 = (1.005 kJ/kg • °C)(25°C) + (0.0093 8 1)(2546. 5 kJ/kg) 
= 49.01 kJ/kg dry air 

h 2 =h 3 =49.01 kJ/kg 

co 2 =co x = 0.006138 kg H 2 0/kg dry air 


Thus, 


h 2 ~ c p T 2 + co 2 h g2 =c p T 2 + <y 2 (2500.9 + 1.82r 2 ) = (1.005 kJ/kg -°C)r 2 + (0.006138)(2500.9 + 1.82T 2 ) 
Solving for T 2 , 


T 2 = 33.1°C 


^ 2^2 


■> Pg2 - ^sat@33.1°c -5.072 kPa 
(0.006138)(96) 


Thus, = — 

(0.622 + co 2 )P g2 (0.622 + 0.006138X5.072) 

( b ) The mass flow rate of dry air is 


= 0.185 or 18.5% 




30 m 3 / min 


m a = 




= 34.5 kg/min 


i 0.8695 m /kg dry air 
Then the rate of heat transfer to air in the heating section becomes 

Q m = m a (h 2 -h x ) = (34.5 kg/min)(49.01 - 30.59)kJ/kg = 636 kj/min 
(c) The rate of water addition to the air in evaporative cooler is 

padded = ^w 3 - ^w 2 = (^3 “ °>i) = ( 34 - 5 kg/min)(0.00938 1 - 0.006138) = 0.112kg/min 
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14-136 Conditioned air is to be mixed with outside air. The ratio of the dry air mass flow rates of the conditioned- to-outside 
air, and the temperature of the mixture are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing chamber is adiabatic. 

Properties The properties of each inlet stream are determined from the psychrometric chart (Fig. A-31) to be 


h x - 34.3 kJ / kg dry air 
co x = 0.0084 kg H 2 0 / kg dry air 

and 

h 2 = 68.5 kJ / kg dry air 
co 2 = 0.0134 kg H 2 0 / kg dry air 

Analysis The ratio of the dry air mass flow rates of the 
Conditioned air to the outside air can be determined from 

Wal _ C0 2 ~ co 3 _ ^2 ~ ^3 
m a2 C0 } - h 3 - /?, 



But state 3 is not completely specified. However, we know that state 3 is on the straight line connecting states 1 and 2 on the 
psychrometric chart. At the intersection point of this line and $ = 60% line we read 

(b) T 3 = 23.5° C 


co 3 = 0.0109 kg H 2 0 / kg dry air 
h 3 = 5 1.3 kJ / kg dry air 

Therefore, the mixture will leave at 23.5°C. The m al /m a2 ratio is determined by substituting the specific humidity (or 
enthalpy) values into the above relation, 

< = 0.0134-0.0109 
m a2 0.0109-0.0084 

Therefore, the mass flow rate of each stream must be the same. 
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14-137 “**“ Problem 14-136 is reconsidered. The desired quantities are to be determined using EES at 1 atm and 80 kPa 
pressures. 

Analysis The problem is solved using EES, and the solution is given below. 


"Without loss of generality assume the mass flow rate of the outside air is m_dot[2] = 1 kg/s." 

P=101.325 [kPa] 

Tdb[l] =13 [C] "State 1 is the conditioned air" 

Rh[l] = 0.90 

Tdb[2] =34 [C] "State 2 is the outside air" 

Rh[2] = 0.40 
Rh[3] = 0.60 
P[1]=P 
P[2]=P[1] 

P[3]=P[1] 

m_dot[2] = 1 [kg/s] 

MassRatio = m_dot[l]/m_dot[2] 

"Energy balance for the steady-flow mixing process:" 

"We neglect the PE of the flow. Since we don't know the cross sectional area of the flow streams, we also 
neglect theKE of the flow." 

E_dot_in - E_dot_out = DELTAE_dot_sys 
DELTAE_dot_sys = 0 [kW] 

E_dot_in = m_dot[l]*h[l]+m_dot[2]*h[2] 

E_dot_out = m_dot[3]*h[3] 

"Conservation of mass of dry air during mixing:" 
m_dot[l]+m_dot[2] = m_dot[3] 

"Conservation of mass of water vapor during mixing:" 
m_dot[l]*w[l]+m_dot[2]*w[2] = m_dot[3]*w[3] 

h[l]=ENTHALPY(AirH20,T=Tdb[l],P=P[l],R=Rh[l]) 

v[l]=VOLUME(AirH20,T=Tdb[l],P=P[l],R=Rh[l]) 

w[l]=HUMRAT(AirH20,T=Tdb[l],P=P[l],R=Rh[l]) 

h[2]=ENTHALPY(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

v[2]=V0LUME(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

w[2]=HUMRAT(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

Tdb[3]=TEMPERATURE(AirH20,h=h[3],P=P[3],R=Rh[3]) 

w[3]=HUMRAT(AirH20,T=Tdb[3],P=P[3],R=Rh[3]) 

v[3]=V0LUME(AirH20,T=Tdb[3],P=P[3],w=w[3]) 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 


14-99 


AirH20 



SOLUTION for P=1 atm (101.325 kPa) 


DELTAE_dot_sys=0 [kW] 
E_dot_out=102.9 [kW] 
h[2]=68.45 [kJ/kg] 
MassRatio=1.007 
m_dot[2]=1 [kg/s] 
P=101.3 [kPa] 

P[2]=1 01 .3 [kPa] 
Rh[1]=0.9 
Rh[3]=0.6 
Tdb[2]=34 [C] 
v[1]=0.8215 [m A 3/kg] 
v[3]=0.855 [m A 3/kg] 
w[2]=0.01336 


SOLUTION for P=80 kPa 

DELTAE_dot_sys=0 
E_dot_out=1 1 8.2 [kW] 
h[2]=77.82 [kJ/kg a] 
MassRatio=1.009 
m_dot[2]=1 [kga/s] 

P=80 [kPa] 

P[2]=80 [kPa] 

Rh[1]=0.9 
Rh[3]=0.6 
Tdb[2]=34 [C] 
v[1]=1 .044 [m A 3/kga] 
v[3]=1 .088 [m A 3/kga] 
w[2]=0.01701 [kgw/kga] 


E_dot_in= 102.9 [kW] 
h[1]=34.26 [kJ/kg] 
h[3]=51 .3 [kJ/kg] 
m_dot[1]=1.007 [kg/s] 
m_dot[3]=2.007 [kg/s] 
P[1]=1 01 .3 [kPa] 
P[3]=101.3 [kPa] 
Rh[2]=0.4 
Tdb[1]=13 [C] 
Tdb[3]=23.51 [C] 
v[2]=0.8888 [m A 3/kg] 
w[1]=0. 008387 
w[3]=0.01086 


E_dot_in=1 18.2 [kW] 
h[1]=40 [kJ/kga] 
h[3]=58.82 [kJ/kga] 
m_dot[1]=1.009 [kga/s] 
m_dot[3]=2.009 [kga/s] 
P[1]=80 [kPa] 

P[3]=80 [kPa] 

Rh[2]=0.4 
Tdb[1]=13 [C] 
Tdb[3]=23.51 [C] 
v[2]=1 .132 [m A 3/kga] 
w[1]=0.01066 [kgw/kga] 
w[3]=0.01382 [kgw/kga] 
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14-138 Waste heat from the cooling water is rejected to air in a natural-draft cooling tower. The mass flow rate of the 
cooling water, the volume flow rate of air, and the mass flow rate of the required makeup water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The cooling tower is adiabatic. 

Analysis (a) The mass flow rate of dry air through the tower remains constant (m al = m a2 = rh a ) , but the mass flow rate of 
liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 

The water lost through evaporation is made up later in the cycle using water at 30°C. Applying the mass balance and the 
energy balance equations yields 

Dry Air Mass Balance : 


T.m a ,i = 


m al = /77,,o = m 


ci 2 


Water Mass Balance: AIR (jz) 32°C 

EXIT saturated 



0 

AIR 

INLET 


Tdb 

T wb 


23°C 

16°C 


From the psychrometric chart (Fig. A-31 or EES), 

h x = 44.67 kJ/kg dry air 

co x = 0.008462 kg H 2 0/kg dry air 

v x = 0.8504 m 3 /kg dry air 


and 


h 2 = 1 10.69 kJ/kg dry air 
co 2 = 0.03065 kg H 2 0/kg dry air 

From Table A-4, 

h 3 =hj @42 o C =175.90 kJ/kg H 2 0 
h 4 = h f@30 p C =125.74 kJ/kg H 2 0 

Substituting 

m 3 (175.90 -125.74)kJ/kg 

m n = 1 = 0. 7933/no 

(1 10.69 - 44.67) kJ/kg - (0.03065 - 0.008462)(125.74) kJ/kg 

The mass flow rate of the cooling water is determined by applying the steady flow energy balance equation on the cooling 
water, 
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^ waste =m 3 h 3 ~{m 3 -m^te up )/*4 = fh 3 h 3 ~[m 3 -m a (co 2 -a{)\h 4 

= m 3 h 3 - m 3 [1 - 0.7933(0.03065 - 0.008462)]/j 4 
= m 3 (h 3 - 0.9824 h 4 ) 

70,000 kJ/s = m 3 (175.90 - 0.9824 x 125.74) kJ/kg >m 3 = 1337 kg/s 

and 

= 0.7933ra 3 = (0.7933)(1 337 kg/s) = 1061 kg/s 
(Z?) Then the volume flow rate of air into the cooling tower becomes 
l \ =m a v l = (1061 kg/s)(0. 8504 m 3 /kg) = 902 m 3 /s 
(c) The mass flow rate of the required makeup water is determined from 

^makeup = ™a (^2 - °h ) = (1061 kg/s)(0. 03065 - 0.008462) = 23.5 kg/s 
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14-139 



Problem 14-138 is reconsidered. The effect of air inlet wet-bulb temperature on the required air volume flow 


rate and the makeup water flow rate is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

P_atm =101.325 [kPa] 

T_db_1 = 23 [C] 

T_wb_1 = 1 6 [C] 

T_db_2 = 32 [C] 

RH_2 = 100/100 "%. relative humidity at state 2, saturated condition" 

Q_dot_waste = 70 [MW]*Convert(MW, kW) 

T_cw_3 = 42 [C] "Cooling water temperature at state 3" 

T_cw_4 = 30 [C] "Cooling water temperature at state 4" 

"Dry air mass flow rates:" 

"RH_1 is the relative humidity at state 1 on a decimal basis" 

v_1=VOLUME(AirH20,T=T_db_1 ,P=P_atm,R=RH_1) 

T_wb_1 = WETBULB(AirH20,T=T_db_1 ,P=P_atm,R=RH_1) 
mdotal = Voldotl/vl 

"Conservaton of mass for the dry air (ma) in the SSSF mixing device:" 

mdotain - mdotaout = DELTAmdotacv 

mdotain = mdotal 

mdotaout = m_dot_a_2 

DELTAm_dot_a_cv = 0 "Steady flow requirement" 

"Conservation of mass for the water vapor (mv) and cooling water for the SSSF process:" 

mdotwin - mdotwout = DELTAm dot w cv 

mdotwin = mdotvl + mdotcw3 

mdotwout = md otv2 + md otc w4 

DELTAm_dot_w_cv = 0 "Steady flow requirement" 

w_1=HUMRAT(AirH20,T=T_db_1 ,P=P_atm,R=RH_1) 

mdotvl = m_dot_a_1*w_1 

w_2=HUMRAT(AirH20,T=T_db_2,P=P_atm,R=RH_2) 
mdotv2 = m_dot_a_2*w_2 

"Conservation of energy for the SSSF cooling tower process:" 

"The process is adiabatic and has no work done, ngelect ke and pe" 

E_dot_in_tower - E_dot_out_tower = DELTAE_dot_tower_cv 
E_dot_in_tower= m dot a l *h[1] + m_dot_cw_3*h_w[3] 

Edotouttower = m_dot_a_2*h[2] + mdotcw4*hw[4] 

DELTAE_dot_tower_cv = 0 "Steady flow requirement" 
h[1]=ENTHALPY(AirH20,T=T_db_1 ,P=P_atm,w=w_1 ) 
h[2]=ENTHALPY(AirH20,T=T_db_2,P=P_atm,w=w_2) 
h_w[3]=ENTHALPY(steam,T=T_cw_3,x=0) 
h_w[4]=ENTHALPY(steam,T=T_cw_4,x=0) 


"Energy balance on the external heater determines the cooling water flow rate:" 
E_dot_in_heater - E_dot_out_heater = DELTAE_dot_heater_cv 
Edotinheater = Qdotwaste + mdotcw4*hw[4] 

E dot out heater = m dot cw 3 * h w[3] 

DELTAE_dot_heater_cv = 0 "Steady flow requirement" 

"Conservation of mass on the external heater gives the makeup water flow rate." 

"Note: The makeup water flow rate equals the amount of water vaporized in the cooling tower." 
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mdotcwin - mdotcwout = D E LT Am dot cw cv 
mdotcwin = mdotcw4 + mdotmakeup 
mdotcwout = mdotcw3 
D E LTA m d ot cw cv = 0 "Steady flow requirement" 


Twbl 

[Cl 

Voh 

[m 3 /s] 

^makeup 

[kflw/sl 

133 cw3 

[kflw/sl 

m a i 

[kga/s] 

14 

828.2 

23.84 

1336 

977.4 

15 

862.7 

23.69 

1336 

1016 

16 

901.7 

23.53 

1337 

1060 

17 

946 

23.34 

1337 

1110 

18 

996.7 

23.12 

1338 

1168 

19 

1055 

22.87 

1338 

1234 

20 

1124 

22.58 

1339 

1312 

21 

1206 

22.23 

1340 

1404 

22 

1304 

21.82 

1341 

1515 

23 

1424 

21.3 

1342 

1651 
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Fundamentals of Engineering (FE) Exam Problems 


14-104 


14-140 A room is filled with saturated moist air at 25 °C and a total pressure of 100 kPa. If the mass of dry air in the room is 
100 kg, the mass of water vapor is 

(a) 0.52 kg (b) 1.97 kg (c) 2.96 kg (d) 2.04 kg (e) 3.17 kg 


Answer (d) 2.04 kg 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1=25 "C" 

P=100 "kPa" 
m_air=100 "kg" 

RH=1 

P_g=PRESSURE(Steam_IAPWS,T=T1,x=0) 

RH=P_v/P_g 

p_air=P-P_v 

w=0.622*P_v/(P-P_v) 

w=m_v/m_air 

"Some Wrong Solutions with Common Mistakes:" 

W1_vmass=m_air*w1 ; w1=0.622*P_v/P "Using P instead of P-Pv in w relation" 

W2_vmass=m_air "Taking m_vapor = m_air" 

W3_vmass=P_v/P*m_air "Using wrong relation" 


14-141 A room contains 65 kg of dry air and 0.6 kg of water vapor at 25°C and 90 kPa total pressure. The relative humidity 
of air in the room is 

(a) 3.5% (b) 41.5% (c) 55.2% (d) 60.9% (e) 73.0% 


Answer (b)41.5% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1=25 "C" 

P=90 "kPa" 
m_air=65 "kg" 
m_v=0.6 "kg" 
w=0.622*P_v/(P-P_v) 
w=m_v/m_air 

P_g=PRESSURE(Steam_IAPWS,T=T1 ,x=0) 

RH=P_v/P_g 


"Some Wrong Solutions with Common Mistakes:" 
W1_RH=m_v/(m_air+m_v) "Using wrong relation" 
W2_RH=P_g/P "Using wrong relation" 
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14-142 A 40-m 3 room contains air at 30°C and a total pressure of 90 kPa with a relative humidity of 75 percent. The mass of 
dry air in the room is 

(a) 24.7 kg (b) 29.9 kg (c) 39.9 kg (d) 41.4 kg (e) 52.3 kg 


Answer (c) 39.9 kg 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

V=40 "m A 3" 

T1=30 "C" 

P=90 "kPa" 

RH=0.75 

P_g=PRESSURE(Steam_IAPWS,T=T1 ,x=0) 

RH=P_v/P_g 
p_air=P-P_v 
R_air=0.287 "kJ/kg.K" 
m_air=P_air*V/(R_air*(T 1 +273)) 

"Some Wrong Solutions with Common Mistakes:" 

W1_mass=P_air*V/(R_air*T1) "Using C instead of K" 

W2_mass=P*V/(R_air*(T 1 +273)) "Using P instead of P_air" 

W3_mass=m_air*RH "Using wrong relation" 


14-143 A room contains air at 30°C and a total pressure of 96.0 kPa with a relative humidity of 75 percent. The partial 
pressure of dry air is 

(a) 82.0 kPa (b) 85.8 kPa (c) 92.8 kPa (d) 90.6 kPa (e)72.0kPa 


Answer (c) 92.8 kPa 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1=30 "C" 

P=96 "kPa" 

RH=0.75 

P_g=PRESSURE(Steam_IAPWS,T=T1 ,x=0) 

RH=P_v/P_g 

p_air=P-P_v 

"Some Wrong Solutions with Common Mistakes:" 

W1_Pair=P_v "Using Pv as P_air" 

W2_Pair=P-P_g "Using wrong relation" 

W3_Pair=RH*P "Using wrong relation" 
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14-144 The air in a house is at 25°C and 65 percent relative humidity. Now the air is cooled at constant pressure. The 
temperature at which the moisture in the air will start condensing is 

(a) 7.4°C (b) 16.3°C (c) 18.0°C (d) 11.3°C (e) 20.2°C 


Answer (c) 18.0°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1=25 "C" 

RH1 =0.65 

P_g=PRESSURE(Steam_IAPWS,T=T1,x=0) 

RH1=P_v/P_g 

T_dp=TEMPERATURE(Steam_IAPWS,x=0,P=P_v) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Tdp=T1*RH1 "Using wrong relation" 

W2_Tdp=(T 1 +273)*RH1 -273 "Using wrong relation" 

W3_Tdp=WETBULB(AirH20,T=T1,P=P1,R=RH1); PI =100 "Using wet-bulb temperature" 


14-145 On the psychrometric chart, a cooling and dehumidification process appears as a line that is 

(a) horizontal to the left, 

(b) vertical downward, 

(c) diagonal upwards to the right (NE direction) 

(d) diagonal upwards to the left (NW direction) 

(e) diagonal downwards to the left (SW direction) 


Answer (e) diagonal downwards to the left (SW direction) 


14-146 On the psychrometric chart, a heating and humidification process appears as a line that is 

(a) horizontal to the right, 

(b) vertical upward, 

(c) diagonal upwards to the right (NE direction) 

(d) diagonal upwards to the left (NW direction) 

(e) diagonal downwards to the right (SE direction) 


Answer (c) diagonal upwards to the right (NE direction) 
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14-147 An air stream at a specified temperature and relative humidity undergoes evaporative cooling by spraying water into 
it at about the same temperature. The lowest temperature the air stream can be cooled to is 

(a) the dry bulb temperature at the given state 

(b) the wet bulb temperature at the given state 

(c) the dew point temperature at the given state 

(d) the saturation temperature corresponding to the humidity ratio at the given state 

(e) the triple point temperature of water 


Answer (a) the dry bulb temperature at the given state 


14-148 Air is cooled and dehumidified as it flows over the coils of a refrigeration system at 85 kPa from 35°C and a 
humidity ratio of 0.023 kg/kg dry air to 15°C and a humidity ratio of 0.015 kg/kg dry air. If the mass flow rate of dry air is 
0.4 kg/s, the rate of heat removal from the air is 

(a) 4 kJ/s (b) 8 kJ/s (c) 12 kJ/s (d) 16 kJ/s (e) 20 kJ/s 


Answer (d)16kJ/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

P=85 "kPa" 

T1=35 "C" 

wl =0.023 

T2=15 "C" 

w2=0.015 

m_air=0.4 "kg/s" 

m_water=m_air*(w1 -w2) 

hi =ENTHALPY(AirH20,T=T1 ,P=P,w=w1 ) 

h2=ENTHALPY(AirH20,T=T2,P=P,w=w2) 

h_w=ENTHALPY(Steam_IAPWS,T=T2,x=0) 

Q=m_air*(h1 -h2)-m_water*h_w 

"Some Wrong Solutions with Common Mistakes:" 

W1_Q=m_air*(h1-h2) "Ignoring condensed water" 

W2_Q=m_air*Cp_air*(T 1 -T2)-m_water*h_w; Cp_air = 1 .005 "Using dry air enthalpies" 
W3_Q=m_air*(h1-h2)+m_water*h_w "Using wrong sign" 
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14-149 Air at a total pressure of 90 kPa, 15°C, and 75 percent relative humidity is heated and humidified to 25°C and 75 
percent relative humidity by introducing water vapor. If the mass flow rate of dry air is 4 kg/s, the rate at which steam is 
added to the air is 

(a) 0.032 kg/s (b) 0.013 kg/s (c) 0.019 kg/s (d) 0.0079 kg/s (e) 0 kg/s 


Answer (a) 0.032 kg/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

P=90 "kPa" 

T1=15 "C" 

RH1 =0.75 
T2=25 "C" 

RH2=0.75 
m_air=4 "kg/s" 

wl =HUMRAT(AirH20,T=T1 ,P=P,R=RH1 ) 
w2=HUMRAT(AirH20,T=T2,P=P,R=RH2) 
m_water=m_air*(w2-w1 ) 

"Some Wrong Solutions with Common Mistakes:" 

W1_mv=0 "sine RH = constant" 

W2_mv=w2-w1 "Ignoring mass flow rate of air" 

W3_mv=RH1*m_air "Using wrong relation" 


14-150 ■■■ 14-154 Design and Essay Problems 
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Chapter 15 

CHEMICAL REACTIONS 


PROPRIETARY AND CONFIDENTIAL 
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returned unopened to McGraw-Hill Education: This Manual is being provided only to authorized 
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15-2 


Fuels and Combustion 


15-1C Nitrogen, in general, does not react with other chemical species during a combustion process but its presence affects 
the outcome of the process because nitrogen absorbs a large proportion of the heat released during the chemical process. 


15-2C The number of atoms are preserved during a chemical reaction, but the total mole numbers are not. 


15-3C Air-fuel ratio is the ratio of the mass of air to the mass of fuel during a combustion process. Fuel-air ratio is the 
inverse of the air-fuel ratio. 


15-4C No. Because the molar mass of the fuel and the molar mass of the air, in general, are different. 


15-5C The dew-point temperature of the product gases is the temperature at which the water vapor in the product gases 
starts to condense as the gases are cooled at constant pressure. It is the saturation temperature corresponding to the vapor 
pressure of the product gases. 


15-6 Sulfur is burned with oxygen to form sulfur dioxide. The minimum mass of oxygen required and the mass of sulfur 
dioxide in the products are to be determined when 1 kg of sulfur is burned. 

Properties The molar masses of sulfur and oxygen are 32.06 kg/kmol and 32.00 kg/kmol, respectively (Table A-l). 
Analysis The chemical reaction is given by 

s+o 2 >so 2 

Hence, lkmol of oxygen is required to burn 1 kmol of sulfur which 
produces 1 kmol of sulfur dioxide whose molecular weight is 

M so 2 =M S +M 0 2 = 32.06 + 32.00 = 64.06 kg/kmol 

Then, 

™ = ( lkmol >(32 kg/kmol) = 0 _ 9 0 /kgS 

m s N S M s (1 kmol)(32. 06 kg/kmol) 

and 

= N *02 M sQ2 = (1 kmol)( 64.06 kg/kmol) = 1 g98kg /kg s 
m s /V S M S (1 kmol)(32.06 kg/kmol) 


s+o 2 >so 2 
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15-7E Methane is burned with diatomic oxygen. The mass of water vapor in the products is to be determined when 1 lbm of 
methane is burned. 

Properties The molar masses of CH 4 , 0 2 , C0 2 , and H 2 0 are 16, 32, 44, 
and 18 lbm/lbmol, respectively (Table A- IE). 

Analysis The chemical reaction is given by 
CH 4 +20 2 >C0 2 +2H 2 0 

Hence, for each lbmol of methane burned, 2 lbmol of water vapor are formed. Then, 

= MM = ( 2 lbm,l>(18 lbm/lbmol ) = ^.2 51bmH 2 0;lbmCH4 

m CH4 N cm M cm (1 lbmol)(16 lbm/lbmol) 



Theoretical and Actual Combustion Processes 

15-8C It represent the amount of air that contains the exact amount of oxygen needed for complete combustion. 
15-9C Case (b). 


15-10C No. The theoretical combustion is also complete, but the products of theoretical combustion does not contain any 
uncombined oxygen. 


15-1 1C The causes of incomplete combustion are insufficient time, insufficient oxygen, insufficient mixing, and 
dissociation. 


15-12C CO. Because oxygen is more strongly attracted to hydrogen than it is to carbon, and hydrogen is usually burned to 
completion even when there is a deficiency of oxygen. 
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15-13 Methane is burned with the stoichiometric amount of air during a combustion process. The AF and FA ratios are to be 
determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 only. 

Properties The molar masses of C, H 2 , and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-l). 

Analysis This is a theoretical combustion process since methane is 
burned completely with stoichiometric amount of air. The 
stoichiometric combustion equation of CH 4 is 

CH 4 +fl th [0 2 +3.76N 2 ] >C0 2 +2H 2 0 + 3.76fl th N 2 

0 2 balance: a th =l + l » a th =2 

Substituting, 


stoichiometric 



CH 4 + 2[o 2 + 3.76N 2 ] >C0 2 + 2H 2 0 + 7.52N 2 

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 

lir (2 x 4.76 kmol)(29 kg/kmol) 


AP — — 

m foe i (l kmol)(l2 kg/kmol) + (2 kmol)(2 kg/kmol) 
The fuel-air ratio is the inverse of the air-fuel ratio, 

1 1 


= 17.3 kg air/kg fuel 


FA = 


AF 17.3 kg air/kg fiiel 


= 0.0578 kg fuel/kg air 
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15-5 


15-14 Propane is burned with theoretical amount of air. The mass fraction of carbon dioxide and the mole and mass 
fractions of the water vapor in the products are to be determined. 

Properties The molar masses of C 3 H 8 , 0 2 , N 2 , C0 2 , and H 2 0 are 44, 32, 28, 44, and 18 kg/kmol, respectively (Table A-l). 
Analysis ( a ) The reaction in terms of undetermined coefficients is 

C 3 H 8 + *(0 2 +3.76N 2 ) >yC0 2 +zH 2 0+ pN 2 

Balancing the carbon in this reaction gives 

C 3 H 8 

y = 3 

and the hydrogen balance gives Air 

~ 0 a 100% theoretical 

2z = 8 >z = 4 


Combustion 

chamber 


co 2 , h 2 o, n 2 

-► 


The oxygen balance produces 

2* = 2 y + z > x = y + z/ 2=3+4/2=5 

A balance of the nitrogen in this reaction gives 

2x3.76* = 2 p > p = 3.76* = 3.76x5 = 18.8 

In balanced form, the reaction is 


C 3 H 8 +50 2 +18.8N 2 


a3C0 2 +4H 2 0 + 18.8N 2 


The mass fraction of carbon dioxide is determined from 

m CQ2 N coiM C02 


mf 


C 02 


^products N C02 M C02 +^H20^H20 + ^N2^N2 


(3 kmol)(44 kg/kmol) 


(3 kmol)(44 kg/kmol)+ (4 kmol)(l 8 kg/kmol)+ (18.8 kmol)(28 kg/kmol) 
132 kg 


- 0.181 

730.4 kg 

(b) The mole and mass fractions of water vapor are 

^H20 ^H20 


4kmol 


4kmol 


ymo - 


TV p ro ducts ^co 2 + ^H 20 + ^N 2 3 kmol + 4 kmol + 18.8 kmol 25.8kmol 


= 0.155 


_ m H2Q N mo^mo 

m products N CQ2 M c02 + N H 20^ H20 + ^N2^ N2 

(4 kmol)(l 8 kg/kmol) 

~~ (3 kmol)(44 kg/kmol)+ (4 kmol)(l 8 kg/kmol) + (18.8 kmol)(28 kg/kmol) 
72 kg 
730.4 kg 

= 0.0986 
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15-15 n-Butane is burned with stoichiometric amount of oxygen. The mole fractions of C0 2 water in the products and the 
mole number of C0 2 in the products per mole of fuel burned are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 and H 2 0. 3 Combustion gases are ideal 
gases. 

Properties The molar masses of C, H 2 , and 0 2 are 12 kg/kmol, 2 kg/kmol, and 32 kg/kmol, respectively (Table A-l). 
Analysis The combustion equation in this case is 


C 4 H 10 + 6.5O 2 >4C0 2 +5H 2 0 

The total mole of the products are 4+5 = 9 kmol. Then the mole fractions are 


Also, 


^<202 

^C02 


N C Q2 _ 4 kmol 
total 9 kmol 
N mo _ 5 kmol 
N total 9 kmol 


0.4444 

0.5556 


N col = 4 kmol C0 2 /kmol C 4 H 10 


C 4 H 10 


IV/ 

► 



Combustion 

o 2 

chamber 

► 



Products 
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15-16 Acetylene is burned with 25 percent excess oxygen. The mass fractions of each of the products and the mass of 
oxygen used per unit mass of fuel burned are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and 0 2 . 3 Combustion gases are 
ideal gases. 

Properties The molar masses of C, H 2 , and 0 2 are 12 kg/kmol, 2 kg/kmol, and 32 kg/kmol, respectively (Table A-l). 
Analysis The stoichiometric combustion equation is 

C 2 H 2 +2.50 2 >2C0 2 +H 2 0 C 2 h 2 

The combustion equation with 25% excess oxygen is 

C 2 H 2 +(1.25x 2.5)0 2 >2C0 2 + H 2 0 + (0.25 x 2.5)0 2 


Combustion 

chamber 


Products 


or 


C 2 H 2 +3.1250 2 >2C0 2 +H 2 O + 0.625O 2 


The mass of each product and the total mass are 

m c 02 = N C o 2 M C 02 = (2 kmol)(44 kg/kmol) = 88 kg 
m mo = N mo M m o =(lkmol)(18 kg/kmol) =18 kg 
m 0 2 = N q 2 M 02 = (0.625 kmol)(32 kg/kmol) = 20 kg 
w. total = m coi + m mo + m oi = 88 + 1 8 + 20 = 126 kg 

Then the mass fractions are 


mf 


C02 


mf 


H20 


mf 02 = 


m CQ2 
m total 
m H20 
^ total 
m Q2 
m total 


88 kg 
126 kg 
18 kg 
126 kg 
20 kg 
126 kg 


= 0.6984 
= 0.1429 
= 0.1587 


The mass of oxygen per unit mass of fuel burned is determined from 


m Q2 _ (3. 125x32) kg 
m c 2 H 2 o x 26) kg 


3.846kg0 2 /kgC 2 H 2 
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15-17 Propal alcohol C3H70H is burned with 50 percent excess air. The balanced reaction equation for complete 
combustion is to be written and the air-to-fuel ratio is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 

Analysis The combustion equation in this case can be written as 

C^H-jOH + l.SatJOj +3.76N,] >BCQ 2 +Z)H 2 0 + £0 2 +F N, 


where a t h is the stoichiometric coefficient for air. We have automatically accounted for the 50% excess air by using the 
factor 1.5 a th instead of a th for air. The coefficient a th and other coefficients are to be determined from the mass balances 

Carbon balance: B = 3 


Hydrogen balance: 2D = 8 > D- 4 

Oxygen balance: 1 + 2x1 .5*2 th —2 B + D + 2 E 

0.5a th = E 


c 3 h 7 oh 


Air 

50% eccess 


Products 


Nitrogen balance: 


1.5a th x3.76 = F 


Solving the above equations, we find the coefficients ( E = 2.25, F = 25.38, and a th = 4.5) and write the balanced reaction 
equation as 


C 3 H 7 OH + 6.75[o 2 +3.76N 2 ] >3C0 2 +4H 2 0 + 2.25 0 2 + 25.38 N 2 

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 

m air (6.75 x4.75kmol)( 29 kg/kmol) 

AF = — = - = 1 5.51 kg air/kg fuel 

m fUel (3x12 + 8x1 + 1x16) kg 
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15-18 n-Octane is burned with 50 percent excess air. The mole fractions of each of the products, the mass of water in the 
products per unit mass of the fuel, and the mass fraction of each reactant are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 , and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 

Analysis The combustion equation in this case can be written as 

C 8 H 18 +1.5fl th [0 2 +3.76N 2 ] >8C0 2 +9H 2 O + 0.5a th O 2 + (1.5x3.76)a th N 2 


where a t h is the stoichiometric coefficient for air. We have automatically 
accounted for the 50% excess air by using the factor 1.5 a th instead of a th for air. 
The stoichiometric amount of oxygen (a t h 0 2 ) will be used to oxidize the fuel, 
and the remaining excess amount (0.5a th O 2 ) will appear in the products as free 
oxygen. The coefficient a th is determined from the 0 2 balance, 

0 2 balance: l.5a {h = 8 + 4.5 + 0.5^ th » a th = 12.5 


C 8 H 18 

► 

Air 

► 

50% excess 


Products 


Substituting, C 8 H 18 +18.75 [o 2 +3.76N 2 ] >8C0 2 +9H 2 0 + 6.250 2 +70.5N 2 


The mass of each product and the total mass are 

m co 2 = ^coi^coi = ( 8 kmol)(44 kg/kmol) = 352 kg 
m H 20 = ^H 20 ^H 20 = (9 kmol)(18 kg/kmol) = 162 kg 
m Q 2 = N q 2 M 02 = (6.25 kmol)(32 kg/kmol) = 200 kg 
m N2 = N m M m = (70.5 kmol)(28 kg/kmol) = 1974 kg 
m t otai = m c 02 + m mo + m Q 2 + m m = 352 + 162 + 200 + 1974 = 2688 kg 


Then the mass fractions are 


mf 


m 


C02 


C02 


m 


total 


mf 


m 


H20 


H20 


m 


total 


f _ m Q2 
mi 02 ~~ 


m 


total 


352 kg 
2688 kg 
162 kg 
2688 kg 
200 kg 
2688 kg 


0.1310 


= 0.0603 


= 0.0744 


= 0.7344 

2688 kg 

The mass of water per unit mass of fuel burned is 

= n*nM = 1 ' 421kg H 20 /k gC 8 H 18 

m C8H18 (lx 114) kg 

The mass of each reactant and the total mass are 

m C8Hi8 ~ ^cshis^cshis = 0- k m ol)(l 14 kg/kmol) = 1 14 kg 
m air “ A^aii-Af air = (17.75 x 4.76 kmol)(29 kg/kmol) = 2588 kg 

^ total = m C8H18 + m air = 1 14 + 2588 = 2702 k g 

Then the mass fractions of reactants are 


m ^C8Hl 8 — 



m C8H18 _ H^kg 

^ total 2702 kg 

m air = 2588 kg = 

^ total 2702 kg 


= 0.0422 
0.9578 
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15-19 Ethane is burned with air steadily. The mass flow rates of ethane and air are given. The percentage of excess air used 
is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 only. 

Properties The molar masses of C, H 2 , and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-l). 
Analysis The theoretical combustion equation in this case can be written as 


^2^6 +fl th 0 2 +3.76N 2 


-> 2C0 2 +3H 2 0 + 3.76a th N 2 


where a t h is the stoichiometric coefficient for air. It is determined from 
0 2 balance: a th =2 + 1.5 » 


= 3 - 5 


The air-fuel ratio for the theoretical reaction is determined by taking the ratio of the 
mass of the air to the mass of the fuel for, 


AF th = 


m rnr,th 


(3.5x 4.76 kmol)(29 kg/kmol) 
m (u ei (2 kmol)(l2 kg/kmol)+ (3 kmol)(2 kg/kmol) 


c 2 h 6 


Air 


Combustion 

chamber 


Products 


= 16. 1 kg air/kg fuel 


The actual air-fuel ratio used is 

m,^ r 176 kg/h 


AFact = 


air 


m 


fuel 


8 kg/h 


= 22 kgair/kgfuel 


Then the percent theoretical air used can be determined from 

r> . .u .• i ■ AF -t 22 kg air/kg fuel 
Percent theoretical air = = = 137% 

AF th 16. 1 kg air/kg fiiel 

Thus the excess air used during this process is 37 % . 
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15-20 Ethane is burned with an unknown amount of air during a combustion process. The AF ratio and the percentage of 
theoretical air used are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-l). 
Analysis (a) The combustion equation in this case can be written as 


C 2 H 6 +fl[o 2 +3.76N 2 ] >2C0 2 +3H 2 0 + 30 2 +3.76aN 2 

0 2 balance: a = 2 + 1.5 + 3 > a = 6.5 

Substituting, 


C 2 H 6 


air 


Products 


C 2 H 6 +6.5[o 2 +3.76N 2 ] >2C0 2 + 3H 2 0 + 30, + 24.44N 2 

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 
iir (6. 5 x 4.76 kmol)(29 kg/kmol) 


AF = 


m t lte i (2 kmol)(l2 kg/kmol) + (3 kmol)(2 kg/kmol) 


= 29.9 kg air/kg fuel 


( b ) To find the percent theoretical air used, we need to know the theoretical amount of air, which is determined from the 
theoretical combustion equation of C 2 H 6 , 


C 2 H 6 +a th 0 2 +3.76N 2 > 2C0 2 +3H 2 0 + 3.76a th N 2 


0 2 balance: a th =2 + 1.5 > a th =3.5 

Then, 

Percent theoretical air = — an,act - = — air,act = = 1 86% 

^air,th ^air,th a th 
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15-21E Ethylene is burned with 175 percent theoretical air during a combustion process. The AF ratio and the dew-point 
temperature of the products are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 3 Combustion 
gases are ideal gases. 

Properties The molar masses of C, H 2 , and air are 12 lbm/lbmol, 2 lbm/lbmol, and 29 lbm/lbmol, respectively (Table A- 
1E). 

Analysis (a) The combustion equation in this case can be written as 

C 2 H 4 +1.75fl th [0 2 +3.76N 2 ] >2CQ 2 +2H 2 O + 0.75a th O 2 +(1.75x3.76)a th N 2 


where a th is the stoichiometric coefficient for air. It is determined 
from 

0 2 balance: 1.75« th = 2 + l + 0.75« th » a ih = 3 

Substituting, 


C 2 H 4 


175% ► 

theoretical air 


Products 

► 


C 2 H 4 +5.25[0 2 +3.76N 2 ] >2CO, +2H,0 + 2.250, +19.74N 2 


The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 


AF = 


m. 


air 


m 


fuel 


(5.25x4.76 lbmol)(29 lbm/lbmol) 

(2 lbmol)(l2 lbm/lbmol) +(2 lbmol)(2 lbm/lbmol) 


= 25.9 lbm air/Ibm fuel 


( b ) The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 


P v = 


V ^prod J 


P ~ 

prod 


r 2 lbmol A 
25.99 lbmol 


(l4.5psia) = 1.116 psia 


Thus, 


^dp “ ^sat@ 1 . 116 psia - 1 05 . 
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15-22 Butane is burned with air. The masses of butane and air are given. The percentage of theoretical air used and the dew- 
point temperature of the products are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 only. 3 Combustion gases 
are ideal gases. 

Properties The molar masses of C, H 2 , and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-l). 
Analysis (a) The theoretical combustion equation in this case can be written as 


C^HjQ + cifo O2+3.76N2 


■» 4C0 2 +5H 2 0 + 3.76a th N 2 


CM 


4 AA 10 


where a t h is the stoichiometric coefficient for air. It is determined from 
0 2 balance: a th = 4 + 2.5 » a th = 6.5 

The air-fuel ratio for the theoretical reaction is determined by taking the ratio of 
the mass of the air to the mass of the fuel for, 


Combustion 

chamber 


Air 


Products 


AFth = 


m air, th (6.5x4.76 kmol)(29 kg/kmol) 

m fuei (4 kmol)(l2 kg/kmol) + (5 kmol)(2 kg/kmol) 


= 15.5 kg air/kg fuel 


The actual air-fuel ratio used is 


AP - . I71, 4l 
-^act 


25 kg 


= 25 kg air / kg fuel 


m fuel 1 k g 

Then the percent theoretical air used can be determined from 

AF a ct 25 kg air/kg fiiel 


Percent theoretical air = 


AF th 15.5 kg air/kg fiiel 


= 161% 


( b ) The combustion is complete, and thus products will contain only C0 2 , H 2 0, 0 2 and N 2 . The air-fuel ratio for this 
combustion process on a mole basis is 


af=Ae 


r /M air 


(25 kg)/ (29 kg/kmol) 


N bxt\ '"fuel / ^ fUel l 1 kg)/ ( 5 8 kg/kmol) 


= 50 kmol air/kmol fiiel 


Thus the combustion equation in this case can be written as 

C 4 H 10 + (50/4.76)[o 2 + 3.76N 2 ] >4C0 2 + 5H 2 0 + 4.0O 2 + 39.5N, 

The dew-point temperature of a gas -vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 


R, = 




y -^prod j 


P = 

1 prod 


f 5 kmol ^ 
52.5 kmol 


(90 kPa) = 8.571 kPa 


Thus, 


r dp = T cr 


sat@8.57 1 kPa 


0 = 42.8°C 
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15-23E Butane is burned with air. The masses of butane and air are given. The percentage of theoretical air used and the 
dew-point temperature of the products are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 only. 3 Combustion gases 
are ideal gases. 

Properties The molar masses of C, H 2 , and air are 12 lbm/lbmol, 2 lbm/lbmol, and 29 lbm/lbmol, respectively (Table A-l). 
Analysis ( a ) The theoretical combustion equation in this case can be written as 


C4H10 + a th 0 2 + 3.76N 2 


4C0 2 + 5H 2 0 + 3.76a, a N 2 


where a t h is the stoichiometric coefficient for air. It is determined from 


C 4 H 


4^10 


Combustion Products 
chamber ^ 


0 2 balance: 


a tU =4 + 2.5 


a th = 6.5 


The air-fuel ratio for the theoretical reaction is determined by taking the ratio of the 
mass of the air to the mass of the fuel for, 


AF th = 


m a n-,ih (6. 5 x 4.76 lbmol)(29 lbm/lbmol) 

m fue i (4 lbmol)(l2 lbm/lbmol) + (5 lbmol)(2 lbm/lbmol) 


= 15.5 lbm air/lbm fiiel 


The actual air-fuel ratio used is 


m. ur 

AF act =^ 


25 lbm 
1 lbm 


= 25 lbm air/lbm fiiel 


Then the percent theoretical air used can be determined from 

. AF a ct 25 lbm air/lbm fiiel 

Percent theoretical air = = = 161% 

AF th 15.5 lbm air/lbm fiiel 


( b ) The combustion is complete, and thus products will contain only C0 2 , H 2 0, 0 2 and N 2 . The air-fuel ratio for this 
combustion process on a mole basis is 


— N • 
AF = — — 


m ai r /M& 


fuel m fuel/^fuel 


(25 lbm)/(29 lbm/lbmol) 
(l lbm)/ (5 8 lbm/lbmol) 


= 50 lbmol air/lbmol fiiel 


Thus the combustion equation in this case can be written as 

C 4 H 10 + (50/4.76)[o 2 + 3.76N 2 ] >4C0 2 + 5H 2 0 + 40 2 + 39.5N 2 

The dew-point temperature of a gas -vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 


N v 5 lbmol . \ 

P V = ^prod= 74-T7T — 7 (14.7 psia) = 1.4 psia 

N nmA 52.5 lbmol 


Thus, 


Fd P - F sat@1 .4p S i a - 113.2°F 
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15-24 Butane C 4 H 10 is burned with 200 percent theoretical air. The kmol of water that needs to be sprayed into the 
combustion chamber per kmol of fuel is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 

Analysis The reaction equation for 200% theoretical air without the additional water is 


C 4 H 10 +2a th [0 2 +3.76N 2 ] >BC 0 2 +BH 2 0+£0 2 +FN, 

where a t h is the stoichiometric coefficient for air. We have automatically accounted for the 100% excess air by using the 
factor 2 a {h instead of a th for air. The coefficient a th and other coefficients are to be determined from the mass balances 

Carbon balance: B = 4 


Hydrogen balance: 2D = 10 > D = 5 

Oxygen balance: 2x2a ih = 2B + D + 2E 

a th = E 


c 4 h 10 


Air 

200 % 

theoretical 


Products 


Nitrogen balance: 2 a th x3.76 = F 

Solving the above equations, we find the coefficients ( E = 6.5, F = 48.88, and a th = 6.5) and write the balanced reaction 
equation as 


C 4 H 10 +13[o 2 +3.76N 2 ] >4C0 2 +5H 2 0 + 6.5 0 2 +48.88 N 2 

With the additional water sprayed into the combustion chamber, the balanced reaction equation is 


C 4 H 10 +13[o 2 +3.76N 2 ]+Af,. H 2 0 >4C0 2 + (5 + Af v )H 2 0 + 6.50 2 +48.88N 2 

The partial pressure of water in the saturated product mixture at the dew point is 
^v,piod “ ^"sat @ 50°C = 12.35 kPa 


The vapor mole fraction is 

^v,prod 12.35 kPa 


3V = 


P. 


prod 


100 kPa 


= 0.1235 


The amount of water that needs to be sprayed into the combustion chamber can be determined from 


N 


y v = 


water 


N 


->0.1235 = 


5 + A, 


total ,product 


4 + 5 + AC +6.5 + 48.88 


+ AC =3.37kmol 
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15-25 A fuel mixture of 60% by mass methane, CH 4 , and 40% by mass ethanol, C 2 H 6 0, is burned completely with 
theoretical air. The required flow rate of air is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 


Analysis For 100 kg of fuel mixture, the mole numbers are 


N 


mf 


CH4 


60 kg 


CH4 


N 


M ch 4 16 kg/kmol 
40 kg 


= 3.75 kmol 


60% CH 4 
40% C 2 H 6 0 


mf 


C2H60 


C2H60 


= 0.8696 kmol 


m C2H60 46 kg/kmol 
The mole fraction of methane and ethanol in the fuel mixture are 


100% theoretical 



Products 


N 


x = 


CH4 


y = 


Ncm + ^C2H60 

^C2H60 


^CH4 + N 


C2H60 


3.75kmol 
(3.75 + 0.8696) kmol 
0.8696 kmol 
(3.75 + 0.8696) kmol 


= 0.8118 


= 0.1882 


The combustion equation in this case can be written as 

xCH 4 + yC 2 H 6 0 + a th [0 2 +3.76N,] >BC0 2 +£>H 2 0+FN 2 

where a th is the stoichiometric coefficient for air. The coefficient a [h and other coefficients are to be determined from the 
mass balances 


Carbon balance: 
Hydrogen balance: 
Oxygen balance: 
Nitrogen balance: 


x + 2y = B 
4x + 6y = 2D 
2 a th + y = 2B + D 
3.76 a th = F 


Substituting x and y values into the equations and solving, we find the coefficients as 


x = 0.81 18 5 = 1.188 

y = 0.1882 D = 2.188 

a th =2.188 F= 8.228 


Then, we write the balanced reaction equation as 

0.8118CH 4 +0.1882C 2 H 6 0 + 2.188[0 2 +3.76N 2 ] »1.188C0 2 +2.188H,0 + 8.228N 2 

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 

(2. 188 x 4.76 kmol)(29 kg/kmol) 

AF = = 

m foel (0.81 18 kmol)(12 + 4 x l)kg/kmol+ (0.1882 kmol)(2 x 12 + 6 x 1 + 16)kg/kmol 

= 13.94 kg air/kg fuel 

Then, the required flow rate of air becomes 

m mr = AFm foel =(13.94)(10 kg/s) = 1 39.4 kg/s 
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15-26 The volumetric fractions of the constituents of a certain natural gas are given. The AF ratio is to be determined if this 
gas is burned with the stoichiometric amount of dry air. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 only. 

Properties The molar masses of C, H 2 , N 2 , 0 2 , and air are 12 kg/kmol, 2 kg/kmol, 28 kg/kmol, 32 kg/kmol, and 29 kg/kmol, 
respectively (Table A-l). 

Analysis Considering 1 kmol of fuel, the combustion equation can be written as 


(0.65CH 4 +0.08H 2 +0. 18N 2 +0.030 2 +0.06C0 2 ) + « th (0 2 +3.76N 2 ) >xC0 2 + yU 2 0 + zN 2 

The unknown coefficients in the above equation are determined from mass balances, 


C : 0.65 + 0.06 = * > jc = 0.71 

H: 0.65x4 + 0.08x2 = 2 y >37 = 1.38 

0 2 : 0.03 + 0.06 + a th = x + y/2 >a th =1.31 

N 2 : 0.18 + 3.76a th = z = 5.106 

Thus, 


Natural gas 

~ ^ Combustion 

chamber 

► 

Dry air 


Products 


(0.65CH 4 + 0.08H 2 + 0.18N 2 + 0.030 2 + 0.06C0 2 ) + 1.31(0 2 + 3.76N 2 ) 

> 0.7 ICO 2 + 1.38H 2 0 + 5.106N 2 

The air-fuel ratio for the this reaction is determined by taking the ratio of the mass of the air to the mass of the fuel, 

m air = (1.31x4.76 kmol)(29 kg/kmol) = 180.8 kg 
m (ucl = (0.65 x 16 + 0.08 x 2 + 0. 18 x 28 + 0.03 x 32 + 0.06 x 44)kg = 19.2 kg 


AF th = 


'"air.th _180.8kg 

'«fuel 19.2 kg 


= 9.42 kg air/kg fuel 
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15-27 The composition of a certain natural gas is given. The gas is burned with stoichiometric amount of moist air. The AF 
ratio is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 only. 

Properties The molar masses of C, H 2 , N 2 , 0 2 , and air are 12 kg/kmol, 2 kg/kmol, 28 kg/kmol, 32 kg/kmol, and 29 kg/kmol, 
respectively (Table A-l). 

Analysis The fuel is burned completely with the stoichiometric amount of air, and thus the products will contain only H 2 0, 
C0 2 and N 2 , but no free 0 2 . The moisture in the air does not react with anything; it simply shows up as additional H 2 0 in 
the products. Therefore, we can simply balance the combustion equation using dry air, and then add the moisture to both 
sides of the equation. Considering 1 kmol of fuel, the combustion equation can be written as 


(0.65CH 4 + 0.08H 2 + 0. 1 8N 2 + 0.030 2 + 0.06C0 2 ) + a th (0 2 + 3 .76N 2 ) > xC0 2 + yU 2 0 + zN 2 

The unknown coefficients in the above equation are determined from mass balances, 


C: 0.65 + 0.06 = x >x = 0Jl 

Natural gas 

H: 0.65x4 + 0.08x2 = 2y >y = 1.38 

0 2 : 0.03 + 0. 06 + a th = x+ yl 2 >a th =1.31 

N 2 : 0.18 + 3.76fl th =z >z = 5.106 Moist air 

Thus, 

(0.65CH 4 +0.08H 2 +0.18N 2 +0.030 2 + 0.06C0 2 ) + 1.31(0 2 +3.76N 2 ) 

> 0.71CO 2 + 1.38H 2 0 + 51.06N 2 

Next we determine the amount of moisture that accompanies 4.16a ih = (4.76)(1.31) = 6.24 kmol of dry air. The partial 
pressure of the moisture in the air is 

P v ,in ~ ^air^sat@25°c = (0.70)(3. 1698 kPa) = 2.219 kPa 


Combustion 

chamber 


Products 


Assuming ideal gas behavior, the number of moles of the moisture in the air (N v in ) is determined to be 


N ■ = 

v,in 


P ■ 

v,in 

V -^total y 


N 


total 


2.219 kPa 
101.325 kPa 


(6.24 + N vin ) > /V vair = 0. 1396 kmol 


The balanced combustion equation is obtained by substituting the coefficients determined earlier and adding 0.17 kmol of 
H 2 0 to both sides of the equation, 

(0.65CH 4 +0.08H 2 +0.18N 2 +0.030 2 + 0.06C0 2 ) + 1.31(0 2 + 3.76N 2 ) + 0.1396H 2 O 

>0.71CO 2 + 1 .520H 2 O + 51 .06N 2 

The air-fuel ratio for the this reaction is determined by taking the ratio of the mass of the air to the mass of the fuel, 

m air =(1.31x4.76 kmolX29 kg/kmol) + (0. 1 396 kmol x 1 8 kg/kmol) = 1 83 . 3 kg 
= (0.65 x 16 + 0.08 x 2 + 0.18 x 28 + 0.03 x 32 + 0.06 x 44)kg = 19.20 kg 


m 


fuel 


and 


AF th 


^fuel 


183.3 kg _ g ^ air/kg fuel 
19.20kg 
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15-28 The composition of a gaseous fuel is given. It is burned with 130 percent theoretical air. The AT ratio and the fraction 
of water vapor that would condense if the product gases were cooled are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , N 2 , and air are 12 kg/kmol, 2 kg/kmol, 28 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 

Analysis (a) The fuel is burned completely with excess air, and thus the products will contain H 2 0, C0 2 , N 2 , and some free 
0 2 . Considering 1 kmol of fuel, the combustion equation can be written as 

(0.45CH 4 + 0.35H 2 +0.20N 2 ) + 1.3a th (0 2 +3.76N 2 ) >xC0 2 + yH 2 0 + 0.3a th O 2 + zN 2 

The unknown coefficients in the above equation are determined from mass balances, 

C : 0.45 = x >x = 0A5 

H: 0.45 x 4 + 0.35 x2 = 2y >y = l.2 

0 2 : 1.3fl th = x+ y/2 + 0.3a th >a th =1.05 

N 2 : 0.20 + 3.76 x 1.3a th =z = 5.332 

Thus, 


Gaseous fuel 


Air 


30% excess 


Combustion 

chamber 


Products 


(0.45CH 4 +0.35H 2 + 0.20N 2 ) + 1.365(0 2 +3.76N 2 ) >0.45CO 2 + 1.2H 2 0 + 0.315O 2 +5.332N 2 

The air-fuel ratio for the this reaction is determined by taking the ratio of the mass of the air to the mass of the fuel, 

m air = (l .365 x 4.76 kmol)(29 kg/kmol) = 1 88.4 kg 
m fuel = (0.45 x 16 + 0.35 x 2 + 0.2 x 28)kg = 13.5 kg 

and 


AF = 


m 


air 


m 


fuel 


l88 ' 4l<g = 13.96 kg air/kg fuel 

13.5 kg 


( b ) For each kmol of fuel burned, 0.45 + 1.2 + 0.315 + 5.332 = 7.297 kmol of products are formed, including 1.2 kmol of 
H 2 0. Assuming that the dew-point temperature of the products is above 25 °C, some of the water vapor will condense as the 
products are cooled to 25°C. If N w kmol of H 2 0 condenses, there will be 1.2 - N w kmol of water vapor left in the products. 
The mole number of the products in the gas phase will also decrease to 7.297 - N w as a result. Treating the product gases 
(including the remaining water vapor) as ideal gases, N w is determined by equating the mole fraction of the water vapor to 
its pressure fraction, 


N v P v 1.2 -N w = 3.1698kPa ^ 

^prodgas ^ prod > 7.297 -N w 101.325 kPa > w 

since P v = P sat @ 2 5 °c = 3.1698 kPa. Thus the fraction of water vapor that 
1.003/1.2 = 0.836 or 84%. 


= 1.003 kmol 
condenses is 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 




15-20 


15-29 



Problem 15-28 is reconsidered. The effects of varying the percentages of CH4, H2 and N2 making up the fuel 


and the product gas temperature are to be studied. 

Analysis The problem is solved using EES, and the solution is given below. 


Let's modify this problem to include the fuels butane, ethane, methane, and propane in 

pull down menu. Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: aCxHy+bH2+cN2 + (a*y/4 + a*x+b/2) (Theo_air/100) (02 + 3.76 N2) 

<--> a*xC02 + ((a*y/2)+b) H20 + (c+3.76 (a*y/4 + a*x+b/2) (Theo_air/100)) N2 + (a*y/4 + a*x+b/2) 
(Theo_air/100 - 1) 02 

T_prod is the product gas temperature. 

Theo_air is the % theoretical air. " 

Procedure 

H20Cond(P_prod,T_prod,Moles_H20,M_other:T_DewPoint,Moles_H20_vap,Moles_H20Jiq, Result$) 

P_v = Moles_H20/(M_other+Moles_H20)*P_prod 
T_DewPoint = temperature(steam,P=P_v,x=0) 

IF T_DewPoint <= T_prod then 
Moles_H20_vap = Moles_H20 
Moles_H2O_liq=0 

Result$='No condensation occurred' 

ELSE 

Pv_new=pressure(steam,T=T_prod,x=0) 

Moles_H20_vap=Pv_new/P_prod*M_other/(1-Pv_new/P_prod) 

Moles_H20_liq = Moles_H20 - Moles_H20_vap 
ResultS- There is condensation' 

ENDIF 

END 

"Input data from the diagram window" 

{P_prod = 101.325 [kPa] 

Theo_air= 130 "[%]" 

a=0.45 

b=0.35 

c=0.20 

T_prod = 25 [C]} 

Fuel$='CH4' 

x=1 

y=4 


"Composition of Product gases:" 

A_th = a*y/4 +a* x+b/2 

AF_ratio = 4.76*A_th*Theo_air/100*molarmass(Air)/(a*16+b*2+c*28) "[kg_air/kg_fuel]" 

Moles_02=(a*y/4 +a* x+b/2) *(Theo_air/100 - 1) 

Moles_N2=c+(3.76*(a*y/4 + a*x+b/2))* (Theo_air/100) 

Moles_C02=a*x 

Moles_H20=a*y/2+b 

M_other=Moles_02+Moles_N2+Moles_C02 

Call H20Cond(P_prod,T_prod,Moles_H20,M_other:T_DewPoint,Moles_H20_vap,Moles_H20Jiq, Result$) 
Frac_cond = Moles_H20_liq/Moles_H20*Convert(, %) "[%]" 

"Reaction: aCxHy+bH2+cN2 + A_th Theo_air/100 (02 + 3.76 N2) 

<-> a*xC02 + (a*y/2+b) H20 + (c+3.76 A_th Theo_air/100) N2 + A_th (Theo_air/100 - 1) 02" 
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AF ratio 
[kQair/ kgf ue |] 

Frac C0nd 

[%] 

MoleS H 20 ,liq 

MoleSn20,vap 

Tprod 

[C] 

14.27 

95.67 

1.196 

0.05409 

5 

14.27 

93.16 

1.165 

0.08549 

11.67 

14.27 

89.42 

1.118 

0.1323 

18.33 

14.27 

83.92 

1.049 

0.201 

25 

14.27 

75.94 

0.9492 

0.3008 

31.67 

14.27 

64.44 

0.8055 

0.4445 

38.33 

14.27 

47.92 

0.599 

0.651 

45 

14.27 

24.06 

0.3008 

0.9492 

51.67 

14.27 

0 

0 

1.25 

58.33 

14.27 

0 

0 

1.25 

65 

14.27 

0 

0 

1.25 

71.67 

14.27 

0 

0 

1.25 

78.33 

14.27 

0 

0 

1.25 

85 
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15-30 Methane is burned with dry air. The volumetric analysis of the products is given. The AF ratio and the percentage of 
theoretical air used are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-l). 
Analysis Considering 100 kmol of dry products, the combustion equation can be written as 

vCH 4 +a 0 2 + 3.76N 2 > 5.20CO 2 + 0.33CO + 1 1.240 2 + 83.23N 2 + bH 2 0 

The unknown coefficients x, a , and b are determined from mass balances, 

CH 4 

N 2 : 3.76^ = 83.23 >a = 22AA ► 

C: * = 5.20 + 0.33 >* = 5.53 

► 

H: Ax = 2 b >b = 11.06 Dry air 

(Check 0 2 : a = 5.20 + 0.165 + 11.24 + ^/2 >22.14 = 22.14) 

Thus, 


Combustion 

chamber 


Products 


5.53CH 4 + 22.14 0 2 + 3.76N 2 > 5.20CO 2 + 0.33CO + 1 1.240 2 + 83.23N 2 + 1 1.06H 2 O 

The combustion equation for 1 kmol of fuel is obtained by dividing the above equation by 5.53, 

CH 4 + 4.0 0 2 +3.76N 2 > 0.94CO 2 + 0.06CO + 2.030 2 +15.05N 2 +2H 2 0 

(a) The air-fuel ratio is determined from its definition, 

AF = ^ = , (4.0x4 76 tmolX29 kg/kmol) = 3^ ^ ^ foe| 

m foe 1 (l kmol)(12 kg/kmol) + (2 kmol)(2 kg/kmol) 

( b ) To find the percent theoretical air used, we need to know the theoretical amount of air, which is determined from the 
theoretical combustion equation of the fuel, 


CH 4 + a th 0 2 +3.76N 2 > C0 2 +2H 2 0 + 3.76a th N 2 

0 2 : «th = 1 + 1 > a t h = 2 - 0 


Then, 


m a ir 

Percent theoretical air = 1 — 

m air,th 


N air, act 

N • u 

1 y air, th 


(4.0X4.76) kmo 1 = 20 o % 
(2.0X4.76) kmol 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 




15-23 


15-31 Octane is burned with dry air. The volumetric fractions of the products are given. The AF ratio and the percentage of 
theoretical air used are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-l). 
Analysis Considering 100 kmol of dry products, the combustion equation can be written as 

xC 8 H 18 +a 0 2 +3.76N 2 > 9.21C0 2 + 0.61CO + 7.06O 2 +83.12N 2 +bR 2 0 

The unknown coefficients x, a , and b are determined from mass balances, 
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15-32 n-Octane is burned with 60% excess air. The combustion is incomplete. The mole fractions of products and the dew- 
point temperature of the water vapor in the products are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 , N 2 and air are 12 

kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, q ^ 

respectively (Table A-l). , 

Analysis The combustion reaction for stoichiometric air is Air 

► 

C 8 H 18 + 12.5[o 2 +3.76N 2 ] >8C0 2 +9H 2 0 + (12.5x3.76)N 2 60% excess 

The combustion equation with 60% excess air and incomplete combustion is 

C 8 H, 8 + 1.6 X 12.5[o 2 + 3.76N 2 ] >(0.85 x 8) C0 2 + (0.15 x 8) CO + 9H 2 0 + x 0 2 + (1.6 x 12.5 x 3.76) N 2 

The coefficient for CO is determined from a mass balance, 


Combustion 
chamber 
P = 1 atm 


Products 


0 2 balance: 1.6 x 12.5 = 0.85 x 8 + 0.5 x 0.15 x 8 + 0.5 x9 + x >x = 8.100 

Substituting, 

C 8 H 18 +20[0 2 +3.76N 2 ] >6.8C0 2 +1.2C0 + 9H 2 0 + 8.10 2 +75.2N 2 

The mole fractions of the products are 


N prod — 6.8 + 1.2 + 9 + 8.1 + 75.2 — 100.3 kmol 


N 


y co2 


^co _ 


y H20 - 


^02 “ 


^N2 “ 


C02 


6. 8 kmol 


N P rod 100. 3 kmol 


= 0.0678 


N 


CO 


1.2 kmol 


N prod 100.3 kmol 


= 0.0120 


N 


H20 


9 kmol 


N prod 100.3 kmol 


= 0.0897 


N 


02 


8. 1 kmol 


Ap ro d 100.3 kmol 


= 0.0808 


N 


N2 


75.2 kmol 


N prod 100.3 kmol 


= 0.7498 


The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 


Py = 


V ^Pl'od y 


P = 

prod 


9 kmol 
100. 3 kmol 


(101.325 kPa) = 9.092 kPa 


Thus, 


^dp - ^sat@9.092kPa ~ 44.0°C 


(Table A-5 or EES) 
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15-33 Methyl alcohol is burned with 100% excess air. The combustion is incomplete. The balanced chemical reaction is to 
be written and the air-fuel ratio is to be determined. 

Assumptions 1 Combustion is incomplete. 2 The combustion products contain C0 2 , CO, H 2 0, O?, and N 2 only. 

Properties The molar masses of C, H?, 0 2 , N 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-l). 

Analysis The balanced reaction equation for stoichiometric air is 


CH 3 OH + a th [0 2 + 3.76N 2 ] > CO 2 + 2 H 2 0 + a th x 3.76 N 2 

The stoicihiometric coefficient a { h is determined from an O? balance: 

0.5 + a [h =1 + 1 >a th = 1.5 

Substituting, 


CH 3 OH 

► 

Air 

► 

100% excess 


Combustion 

chamber 


CO ? , CO 

h 2 o, o 2 , n 2 


CH 3 OH + 1.5[o 2 +3.76N 2 ] >C0 2 +2 H,0 + 1.5x3.76 N 2 

The reaction with 100% excess air and incomplete combustion can be written as 


CH 3 OH + 2 x 1.5 [o 2 + 3.76N 2 ] >0.60C0 2 + 0.40CO + 2H 2 O + xO 2 +2x1.5x3.76N 2 

The coefficient for 0 2 is determined from a mass balance, 


0 2 balance: 0.5 + 2x1.5 = 0.6 + 0.2 + 1 + x > x = 1 .7 

Substituting, 

CH3 OH + 3[o 2 + 3.76N 2 ] >0.6CO 2 + 0.4CO + 2H 2 O + 1.7O 2 +11.28N 2 

The air-fuel mass ratio is 


AF = 


m 


air 




(3x4.76x29) kg 
(lx 32) kg 


414.1kg 

2 . = 1 2.94kg air/kgfuel 

32 kg 
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15-34 Ethyl alcohol is burned with stoichiometric amount of air. The combustion is incomplete. The apparent molecular 
weight of the products is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, OH, and N 2 only. 

Properties The molar masses of C, H?, OH, N 2 and air are 12 kg/kmol, 2 kg/kmol, 17 kg/kmol, 28 kg/kmol, and 29 
kg/kmol, respectively (Table A-l). 

Analysis The reaction with stoichiometric air is 


C 2 H 5 OH + a th [0 2 +3.76N,] >2C0 2 +3H 2 0 + a th 

where 

0.5 + cifh =2 + 1.5 > — 3 

Substituting, 


x 3.76 N 2 


c 2 h 5 oh 

► 

Air 

► 

100% theoretical 


Combustion 

chamber 


C0 2 , CO, 0 2 

h 2 o, oh, n 2 


C 2 H 5 OH + 3[o 2 +3.76N 2 ] >2C0 2 +3H 2 0 + 3x3.76N 2 


The balanced reaction equation with incomplete combustion is 

C 2 H 5 0H + 3[0 2 +3.76N 2 ] > 2(0.90 C0 2 +0.05 CO) + 3(0.95H 2 O + 0.1 0U) + b0 2 +3x3.76 N 2 

0 2 balance: 0.5+3 = 1 .8+0.05+3. 15/2+Z? -> b = 0.075 

which can be written as 

C 2 H 5 OH + 3[o 2 +3.76N 2 ] »1.8C0 2 + 0. ICO + 2.85 H 2 0 + 0.3 OH + 0.0750 2 +11.28 N 2 

The total moles of the products is 

N m = 1.8 + 0.1 + 2.85 + 0.3 + 0.075 + 1 1.28 = 16.41 kmol 

The apparent molecular weight of the product gas is 

m n, (1.8x44 + 0.1x28 + 2.85x18 + 0.3x17 + 0.075x32 + 11.28x28) kg „ ... 

N 16.41 kmol 
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15-35 Coal whose mass percentages are specified is burned with 40% excess air. The air-fuel ratio and the apparent 
molecular weight of the product gas are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, S0 2 , and N 2 . 3 Combustion 
gases are ideal gases. 

Properties The molar masses of C, H 2 , 0 2 , S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-l). 

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


m r 67.40 kg 

N c = = = 5.617 kmol 


^H2 ~ 


^02 ~ 


M c 12 kg/kmol 
m H2 = 5.31kg 
M m 2 kg/kmol 
m 02 15.11kg 


^N2 “ 


M 02 32 kg/kmol 
1.44 kg 


= 2.655 kmol 


= 0.4722 kmol 


m 


N2 


M 


N2 


N o = 


m, 


28 kg/kmol 
2.36 kg 


= 0.05143 kmol 


= 0.07375 kmol 


M s 32 kg/kmol 
The mole number of the mixture and the mole fractions are 
AC, = 5.6 17 + 2.655 + 0.4722 + 0.05 143 + 0.07375 


= 8.869 kmol 


N ( 


yc 

ym 

yoi 

y N2 

^S 


N 

N 


H2 


N 


m 


N 


02 


5.617kmol 
8. 869 kmol 
2.655 kmol 
8.869 kmol 
0.4722 kmol 


= 0.6333 


= 0.2994 


N 


= 0.05323 


m 


N 


N2 


N 

N< 


8.869 kmol 
0.05 143 kmol 
8. 869 kmol 
0.07375 kmol 


= 0.00580 


N 


m 


8. 869 kmol 


= 0.00832 


67.40% C 
5.31% H 2 
15.11% 0 2 
1.44% N 2 
2.36% S 
8.38% ash 
(by mass) 


Coal 

► 

Combustion 

Air chamber 

► 

40% excess 


co 2 , h 2 o, 
so 2 , o 2 , n 2 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 

0.6333C + 0.2994H 2 +0.053230 2 +0.00580N 2 + 0.00832S + 1.4a th (0 2 +3.76N 2 ) 

>xC0 2 + yH 2 0 + zS0 2 + kN 2 + m0 2 

According to the species balances, 

C balance : x = 0.6333 
H 2 balance : y = 0.2994 
S balance : z = 0.00832 
0 2 balance : 

0.05323 + a th = x + 0.5y + z 

a th = 0.6333 + 0.5 x 0.2994 + 0.00832 - 0.05323 = 0.7381 

N 2 balance : k = 0.00580 + 1 .4 x 3.76 a th = 0.00580 + 1 .4 x 3.76 x 0.7381 = 3.891 

m = 0Aa th =0.4x0.7381 = 0.2952 
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Substituting, 

0.6333C + 0.2994H 2 + 0.053230 2 + 0.00580N 2 + 0.00832S + 1.033(O 2 + 3.76N 2 ) 

»0.6333CO 2 + 0.2994H 2 O + 0.00832S0 2 + 3.891N 2 + 0.2952O 2 

The total mass of the products is 

m total = 0.6333 x 44 + 0.2994 x 18 + 0.00832 x 64 + 3.891 x 28 + 0.2952 x 32 = 152.2 kg 
The total mole number of the products is 

N m =0.6333+0.2994 + 0.00832 + 3.891 + 0.2952 = 5.127 kmol 
The apparent molecular weight of the product gas is 

, , m m 152.2kg __ .. 

M m = — - = — = 29.68kg/kmol 

N m 5. 127 kmol 

The air-fuel mass ratio is then 

Al7 m mr (1.033x4.76x29) kg 

At = = 

m (ucl (0.6333 x 12 + 0.2994 x 2 + 0.05323 x 32 + 0.00580 x 28 + 0.00832 x 32) kg 

142.6kg 

~ 10.33 kg 

= 1 3.80kg air/kgfuel 
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15-36 The composition of a certain coal is given. The coal is burned with 50 percent excess air. The AF ratio is to be 
determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , N 2 , and ash only. 

Properties The molar masses of C, H 2 , 0 2 , and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 

Analysis The composition of the coal is given on a mass basis, but we need to know the composition on a mole basis to 
balance the combustion equation. Considering 1 kg of coal, the numbers of mole of the each component are determined to 
be 

N c = {m/Af) c =0.82/12 = 0.0683 kmol 
A/ h ,o = { m / M ) H 0 = 0.05 / 1 8 = 0.0028 kmol 
Nr, — { m / T/)h 2 = 0.02/2 = 0.01 kmol 
N 0i =(m/M) 0i =0.01/32 = 0.00031 kmol 

Considering 1 kg of coal, the combustion equation can be written as 

(0.0683C + 0.0028H 2 0 + 0.0 1 H 2 + 0.0003 1 0 2 + ash) + 1 .5a {h (0 2 + 3 .76N 2 ) 

>• xC0 2 + jTf 2 O + 0.5a th O 2 + 1.5 x3.76a th N 2 +ash 

The unknown coefficients in the above equation are determined from mass balances, 

C: 0.0683 = x >x = 0.0683 

H: 0.0028x2 + 0.01x2 = 2y >y =0.0128 

0 2 : 0.0028/ 2 + 0.00031 + 1. 5a th = x+ y / 2 + 0.5a th >a th =0.073 

Thus, 

(0.0683C + 0.0028H 2 0 + 0.01H 2 + 0.0003 10 2 + ash) + 0. 1095(O 2 + 3.76N 2 ) 

> 0.0683C0 2 + 0.0128H 2 0 + 0.03650 2 + 0.41 17N 2 + ash 

The air-fuel ratio for the this reaction is determined by taking the ratio of the mass of the air to the mass of the coal, which is 
taken to be 1 kg, 

air = (o. 1 095 x 4.76 kmol)(29 kg/kmol) = 15. 1 kg 

Wfuel = 1 k g 

and 

AF = = 15,1 kg = 15.1 kg air/kg fuel 

1 k g 


Coal 


Air 


50% excess 


Combustion 

chamber 


Products 
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Enthalpy of Formation and Enthalpy of Combustion 


15-30 


15-37C Enthalpy of formation is the enthalpy of a substance due to its chemical composition. The enthalpy of formation is 
related to elements or compounds whereas the enthalpy of combustion is related to a particular fuel. 


15-38C For combustion processes the enthalpy of reaction is referred to as the enthalpy of combustion, which represents 
the amount of heat released during a steady-flow combustion process. 


15-39C The heating value is called the higher heating value when the H 2 0 in the products is in the liquid form, and it is 
called the lower heating value when the H 2 0 in the products is in the vapor form. The heating value of a fuel is equal to the 
absolute value of the enthalpy of combustion of that fuel. 


15-40C No. The enthalpy of formation of N 2 is simply assigned a value of zero at the standard reference state for 
convenience. 


15-41C 1 kmol of H 2 . This is evident from the observation that when chemical bonds of H 2 are destroyed to form H 2 0 a 
large amount of energy is released. 


15-42 The enthalpy of combustion of methane at a 25 °C and 1 atm is to be determined using the data from Table A-26 and 
to be compared to the value listed in Table A-27. 

Assumptions The water in the products is in the liquid phase. 

Analysis The stoichiometric equation for this reaction is 


CH 4 +2[0 2 +3.76N 2 ] >C0 2 + 2H 2 0(f)+7.52N 2 

Both the reactants and the products are at the standard reference state of 25 °C and 1 atm. Also, N 2 and 0 2 are stable 
elements, and thus their enthalpy of formation is zero. Then the enthalpy of combustion of CH 4 becomes 

h c = H P~ H R= N P h f-P ~ X! N R h f,R = i Nh f L + ( Nh f L ~~ ( M V )cH, 


Using h°/ values from Table A-26, 

h c = (1 kmolX-393,520 kJ/kmol)+(2 kmol)(-285,830 kJ/kmol) 

- (1 kmol)(- 74. 850 kJ/kmol) 

= -890,330 kj (per kmol CH 4 ) 

The listed value in Table A-27 is -890,868 kJ/kmol, which is almost identical to the calculated value. Since the water in the 
products is assumed to be in the liquid phase, this h c value corresponds to the higher heating value of CH 4 . 
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15-43 



Problem 15-42 is reconsidered. The effect of temperature on the enthalpy of combustion is to be studied. 


Analysis The problem is solved using EES, and the solution is given below. 


Fuel$ = 'Methane (CH4)' 

T_comb =25 [C] 

TJuel = T_comb +273 "[K]" 

T airl = T comb +273 "[K]" 

T_prod =T_comb +273 "[K]" 
h_bar_comb_TableA27 = -890360 [kJ/kmol] 

"For theoretical dry air, the complete combustion equation is" 

"CH4 + A_th(02+3.76 N2)=1 C02+2 H20 + A_th (3.76) N2 " 

A_th *2=1 *2+2*1 "theoretical O balance" 

"Apply First Law SSSF" 
h_fuel_EES=enthalpy(CH4,T=298) "[kJ/kmol]" 
h_fuel_TableA26=-74850 "[kJ/kmol]" 

h_bar_fg_H2O=enthalpy(Steam_iapws,T=298,x=1)-enthalpy(SteamJapws,T=298,x=0) "[kJ/kmol]" 
HR=h_fuel_EES+ A_th*enthalpy(02,T=T_air1)+A_th*3.76 *enthalpy(N2,T=T^air1) "[kJ/kmol]" 
HP=1*enthalpy(C02,T=T_prod)+2*(enthalpy(H20,T=T_prod)-h_bar_fg_H20)+A_th*3.76* 
enthalpy(N2,T =T_prod) "[kJ/kmol]" 
h_bar_Comb_EES=(HP-HR) "[kJ/kmol]" 

PercentError=ABS(h_bar_Comb_EES-h_bar_comb_TableA27)/ABS(h_bar_comb TableA27)*Convert(, %) "[%]" 


hcombEES 

[kJ/kmol] 

Tcomb 

[C] 

-890335 

25 

-887336 

88.89 

-884186 

152.8 

-880908 

216.7 

-877508 

280.6 

-873985 

344.4 

-870339 

408.3 

-866568 

472.2 

-862675 

536.1 

-858661 

600 
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15-44 The enthalpy of combustion of gaseous ethane at a 25 °C and 1 atm is to be determined using the data from Table A- 
26 and to be compared to the value listed in Table A-27. 

Assumptions The water in the products is in the liquid phase. 

Analysis The stoichiometric equation for this reaction is 


C 2 H 6 +3.5[0 2 +3.76N 2 ] >2C0 2 +3H 2 0(Y) + 13.16N 2 

Both the reactants and the products are at the standard reference state of 25 °C and 1 atm. Also, N 2 and 0 2 are stable 
elements, and thus their enthalpy of formation is zero. Then the enthalpy of combustion of C 2 H 6 becomes 


h c - H P H R - ^ A J P h° f P ^N R hf iR - [Nh° f ) + (Nh f ) [m f ) 


c 2 h 6 


Using h°i values from Table A-26, 

h c = (2 kmolX-393,520 kJ/kmol)+ (3 kmol)(-285,830 kJ/kmol) 

- (1 kmolX- 84.680 kJ/kmol) 

= -1,559,850 kj (per kmolC 2 H 6 ) 

The listed value in Table A-27 is -1,560,633 kJ/kmol, which is almost identical to the calculated value. Since the water in 
the products is assumed to be in the liquid phase, this h c value corresponds to the higher heating value of C 2 H 6 . 


15-45 The enthalpy of combustion of liquid octane at a 25 °C and 1 atm is to be determined using the data from Table A-26 
and to be compared to the value listed in Table A-27. 

Assumptions The water in the products is in the liquid phase. 

Analysis The stoichiometric equation for this reaction is 

C g H 18 +12.5[0 2 +3.76N 2 ] >8C0 2 +9H 2 C>(/) + 47N 2 

Both the reactants and the products are at the standard reference state of 25 °C and 1 atm. Also, N 2 and 0 2 are stable 
elements, and thus their enthalpy of formation is zero. Then the enthalpy of combustion of C 8 H 18 becomes 

h c =H r -H'^Nrhf, -5> b S;„ =(jv*;) CO; +(*;)„„ -(™;) CiH> 

Using h°j values from Table A-26, 

h c = (8 kmol)(-393,520 kJ/kmol) + (9 kmolX-285,830 kJ/kmol) 

- (l kmolX- 249,950 kJ/kmol) 

= -5,470,680 kj 

The listed value in Table A-27 is -5,470,523 kJ/kmol, which is almost identical to the calculated value. Since the water in 
the products is assumed to be in the liquid phase, this h c value corresponds to the higher heating value of C 8 Hi 8 . 
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15-46 Ethane is burned with stoichiometric amount of air. The heat transfer is to be determined if both the reactants and 
products are at 25 °C. 


Assumptions The water in the products is in the vapor phase. 
Analysis The stoichiometric equation for this reaction is 

C 2 H 6 +3.5[0 2 +3.76N 2 ] >2CO z +3H 2 0 + 13.16N 2 

Since both the reactants and the products are at the standard reference 
state of 25 °C and 1 atm, the heat transfer for this process is equal to 
enthalpy of combustion. Note that N 2 and 0 2 are stable elements, and 
thus their enthalpy of formation is zero. Then, 




c 2 h 6 

w 


25°C 

Combustion 

Products 

Air 

chamber 

25°C 

25°C 




Q=k c =h p - Hr =(^;) c0 2 + (^;)h2o-(^) 


'C2H6 


Using h°f values from Table A-26, 

Q = h c = (2 kmol)(-393, 520 kJ/kmol) + (3 kmol)(-241,820kJ/kmol)- (1 kmol)(-84,680kJ/kmol) 

= -1 ,427,820kJ/kmolC2H6 


15-47 Ethane is burned with stoichiometric amount of air at 1 atm and 25 °C. The minimum pressure of the products which 
will assure that the water in the products will be in vapor form is to be determined. 

Assumptions The water in the products is in the vapor phase. 

Analysis The stoichiometric equation for this reaction is 

C 2 H 6 +3.5[0 2 +3.76N 2 ] >2CO z +3H 2 0 + 13.16N 2 

At the minimum pressure, the product mixture will be saturated with water vapor and 
= ^sat@ 25 °c = 3. 1698 kPa 


The mole fraction of water in the products is 

_ ^ H 20 _ 3 kmol _ 

■ V '’ ~ Nprod ~ (2 + 3 + 13.16)kmol ~ 

The minimum pressure of the products is then 


0.1652 




min 


y^ 


3.1698kPa _ 

= 19.2kPa 

0.1652 
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15-48 The higher and lower heating values of liquid propane are to be determined and compared to the listed values. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 . 3 Combustion gases are 
ideal gases. 

Properties The molar masses of C, 0 2 , H 2 , and air are 12, 32, 2, and 29 kg/kmol, respectively (Table A-l). 

Analysis The combustion reaction with stoichiometric air is 

C 3 H 8 (/)+5(0 2 +3.76Nt ) >3CO. + 4H 7 0 + 18.8N 2 u 

C3H 8 

Both the reactants and the products are taken to be at the standard * 

reference state of 25 °C and 1 atm for the calculation of heating values. 

The heat transfer for this process is equal to enthalpy of combustion. theoreticaT 

Note that N 2 and 0 2 are stable elements, and thus their enthalpy of 
formation is zero. Then, 

q = h c =H P -H r =^N P h} P -^N R h° f R ={ Nh f) C02 +{ Nh f) H20 -{ Nh f) C3m 


Combustion 

chamber 


Products 


The h°j of liquid propane is obtained by adding h ^ of propane at 25°C to hj of gas propane (103,850 + 44.097 x 335 = 
1 18,620 kJ/kmol). For the HHV, the water in the products is taken to be liquid. Then, 

h c = (3 kmol)(-393, 520 kJ/kmol) + (4 kmol)(-285, 830 kJ/kmol)- (1 kmol)(-l 18,620 kJ/kmol) 

= -2,205, 260 kJ/kmol propane 


The HHV of the liquid propane is 


HHV = 


—h 


c 


M 


m 


2, 205 , 260kJ/kmol C 3 H 8 
44.097 kg/kmolC 3 H 8 


50,01 0kJ/kgC 3 H 8 


The listed value from Table A-27 is 50,330 kJ/kg. For the LHV, the water in the products is taken to be vapor. Then, 


h c = (3 kmol)(-393, 520 kJ/kmol) + (4 kmol)(-24 1,820 kJ/kmol)- (1 kmol)(-l 18,620 kJ/kmol) 
= -2,029, 220 kJ/kmol propane 


The LHV of the propane is then 


LHV = 


—h 


c 


M 


m 


2, 029, 220 kJ/kmol C 3 H 8 
44.097 kg/kmol C 3 H 8 


46,020kJ/kgC 3 H 8 


The listed value from Table A-27 is 46,340 kJ/kg. The calculated and listed values are practically identical. 
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15-35 


15-49 The higher and lower heating values of coal from Illinois are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, S0 2 , and N 2 . 3 Combustion 
gases are ideal gases. 

Properties The molar masses of C, H 2 , 0 2 , S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-l). 

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


m r 67.40 kg 

A c = — = — = 5.617 kmol 


■^H2 “ 


^02 ~ 


M c 12 kg/kmol 
m H 2 _ 5.31kg 
M m 2 kg/kmol 
m 0 2 15.11kg 


-^N2 “ 


M 02 32 kg/kmol 
1.44 kg 


= 2.655 kmol 
= 0.4722 kmol 


N2 


M m 28 kg/kmol 


= 0.05143 kmol 


Ac = 




2.36 kg 


= 0.07375 kmol 


M s 32 kg/kmol 

The mole number of the mixture and the mole fractions are 

A = 5.617 + 2.655 + 0.4722 + 0.05 143 + 0.07375 = 8.869 kmol 


A, 


3>c 

3 7 H2 
^02 
y N2 

Js 


A 

A 


H2 


A 


m 


A 


02 


5.617kmol 
8. 869 kmol 
2.655 kmol 
8.869 kmol 
0.4722 kmol 


= 0.6333 


= 0.2994 


A 


= 0.05323 


m 


A 


N2 


A 

A ( 


8. 869 kmol 
0.05 143 kmol 
8. 869 kmol 
0.07375 kmol 


= 0.00580 


A 


m 


8. 869 kmol 


= 0.00832 


67.40% C 
5.31% H 2 
15.11% 0 2 
1.44% N 2 
2.36% S 
8.38% ash 
(by mass) 


Coal 

► 


Air 

theoretic at 


Combustion 

chamber 


Products 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 


0.6333C + 0.2994H 2 + 0.053230 2 +0.00580N, + 0.00832S + a th (0 2 +3.76N 2 ) 


> vC0 2 + yH 2 0 + zS0 2 


+ kN 2 


According to the species balances, 

C balance: x = 0.6333 
H 2 balance : y = 0.2994 
S balance : z = 0.00832 
0 2 balance : 

0.05323 + a th =x + 0.5y + z 

a th = 0.6333 + 0.5 x 0.2994 + 0.00832 - 0.05323 = 0.7381 
N 2 balance : k = 0.00580 + 3.76a th = 0.00580 + 3.76 x 0.7381 = 2.781 
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15-36 


Substituting, 

0.6333C + 0.2994H 2 + 0.053230 2 + 0.00580N 2 + 0.00832S + 0.738 1(0 2 + 3.76N 2 ) 

>0.6333CO 2 + 0.2994H 2 O + 0.00832S0 2 +2.78 1N 2 

Both the reactants and the products are taken to be at the standard reference state of 25 °C and 1 atm for the calculation of 
heating values. The heat transfer for this process is equal to enthalpy of combustion. Note that C, S, H 2 , N 2 and 0 2 are stable 
elements, and thus their enthalpy of formation is zero. Then, 

q = h c =H P - H r = ^Nph} p - 2] N R h} R = (nH} ) CQ2 + {nH} ) mo + [Nh° f ) SQ2 

For the HHV, the water in the products is taken to be liquid. Then, 

h c = (0.6333 kmol)(-393,520kJ/kmol)+ (0.2994 kmol)(-285,830kJ/kmol) 

+ (0.00832 kmol)(-297,100 kJ/kmol) 

= -337, 270 kJ/kmol coal 

The apparent molecular weight of the coal is 

_ m m _ (0.6333 x 12 + 0.2994 x 2 + 0.05323 x 32 + 0.00580 x 28 + 0.00832 x 32) kg 
m ~ N m ~ (0.6333 + 0.2994 + 0.05323 + 0.00580+ 0.00832) kmol 

_ 10.33kg _^q 33kg/k mo l coa l 
1.000 kmol 

The HHV of the coal is then 


HHV = 


—h 


c 


M 


m 


337, 270 kJ/kmol coal 
10.33 kg/kmol coal 


32,650kJ/kgcoal 


For the LHV, the water in the products is taken to be vapor. Then, 

h c = (0.6333 kmol)(-393, 520 kJ/kmol) + (0.2994 kmol)(-24 1,820 kJ/kmol) 
+ (0.00832 kmol)(-297,100 kJ/kmol) 

= -324,090 kJ/kmol coal 


The LHV of the coal is then 


LHV = 


—h 


c 


M 


m 


324,090 kJ/kmol coal 
10.33 kg/kmol coal 


= 31,370kJ/kgcoal 
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First Law Analysis of Reacting Systems 


15-37 


15-50C The heat transfer will be the same for all cases. The excess oxygen and nitrogen enters and leaves the combustion 
chamber at the same state, and thus has no effect on the energy balance. 


15-51C For case (/?), which contains the maximum amount of nonreacting gases. This is because part of the chemical 
energy released in the combustion chamber is absorbed and transported out by the nonreacting gases. 


15-52C In this case A U +Wb = AH , and the conservation of energy relation reduces to the form of the steady-flow energy 
relation. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



15-38 


15-53 Acetylene gas is burned with 20 percent excess air during a steady-flow combustion process. The AF ratio and the 
heat transfer are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 

Properties The molar masses of C 2 H 2 and air are 26 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and some 
free 0 2 . Considering 1 kmol of C 2 H 2 , the combustion equation can be written as 


C 2 H 2 +1.2a th (0 2 +3.76N 2 ) >2C0 2 +H 2 O + 0.2a th O 2 + (l.2X3.76a th )N ; 

where a th is the stoichiometric coefficient and is determined from the 
0 2 balance, 


C 2 H 2 


1 2a th = 2 + 0.5 + 0.2 a 


th 


A $th — 2.5 


Thus, 


25 °C 
Air 


(a) 


C 2 H 2 +3(0 2 +3.76N 2 ) >2C0 2 +H 2 O + 0.5O 2 +11.28N 2 

ra^ r (3 x 4. 76 kmol)(29 kg/kmol) 

m fue i (2 kmol)(l2 kg/kmol) + (l kmol)(2 kg/kmol) 


AF = 


20% excess air 
25°C 

= 15.9 kg air/kg fuel 



Combustion 

chamber 

P = 1 atm 


Products 
1500 K 


( b ) The heat transfer for this combustion process is determined from the energy balance E- m - E ou[ = AE system applied on 
the combustion chamber with W = 0. It reduces to 


-Gout =2^ 


hj +h - h 




hj +h - h 


R 




h f +h-h 


l-E" 


h° 

R n f,R 


since all of the reactants are at 25°C. Assuming the air and the combustion products to be ideal gases, we have h = h{T). 
From the tables, 


Substance 

hf 

kJ/kmol 

^298 K 

kJ/kmol 

hl500 K 

kJ/kmol 

c 2 h 2 

226,730 

— 

— 

o 2 

0 

8682 

49,292 

N 2 

0 

8669 

47,073 

h 2 o (g) 

-241,820 

9904 

57,999 

co 2 

-393,520 

9364 

71,078 


Thus, 

-Q out = (2X-393,520 + 7 1,078 - 9364) + (l)(-24 1,820 + 57,999 - 9904) + (0.5)(0 + 49,292 - 8682) 
+ (1 1 .28^0 + 47,073 - 8669)- (l)(226,730)- 0 - 0 
= -630,565 kJ/kmol C 2 H 2 

or 


Q out = 630,565 kJ / kmol C 2 H 2 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 




15-39 


15-54E Liquid propane is burned with 150 percent excess air during a steady-flow combustion process. The mass flow rate 
of air and the rate of heat transfer from the combustion chamber are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 

Properties The molar masses of propane and air are 44 lbm/lbmol and 29 lbm/lbmol, respectively (Table A- IE). 

Analysis The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and some 
free 0 2 . Considering 1 kmol of C 3 H 8 , the combustion equation can be written as 


C 3 H 8 (^)+2.5fl th (0 2 +3.76N 2 ) >3C0 2 +4H 2 0 + 1.5a th 0 2 + (2.5X3.76fl th )N ; 


where a th is the stoichiometric coefficient and is determined 
from the 0 2 balance, 


2.5a th = 3 + 2 + 1. 5a 


th 


= 5 


Thus, 


C 3 Hg(>)+ 12.5(p 2 + 3.76N 2 ) >3C0 2 + 4H 2 0 + 7.50 2 + 47N 2 

(a) The air-fuel ratio for this combustion process is 

iir (l 2 . 5 x 4. 7 6 lbmol)(29 lbm/lbmol) 


c 3 h, 

77°F 

Air 

40°F 



Q 


Combustion 

chamber 

P = 1 atm 


AF = 


= 39.2 lbmair/lbmfiiel 


m fue i (3 lbmol)(l2 lbm/lbmol) + (4 lbmol)(2 lbm/lbmol) 

Thus, m, dr = (AF^ra^ ) = (39.2 lbm air/lbm fiiel Xo.75 lbm fiiel/min ) = 29.4 lbm air / min 


Products 
1800 R 


(b) The heat transfer for this combustion process is determined from the energy balance E m — E out = AF system applied on 
the combustion chamber with W = 0. It reduces to 

- Gou, = x n p te + /7 - /? ) P - Z n r te + * - ) R 

Assuming the air and the combustion products to be ideal gases, we have h = h{T). From the tables, 


Substance 

hf 

Btu/lbmol 

^500R 

Btu/lbmol 

^537 R 

Btu/lbmol 

hl800 R 

Btu/lbmol 

C 3 H 8 (£) 

-51,160 

— 

— 

— 

o 2 

0 

3466.2 

3725.1 

13.485.8 

n 2 

0 

3472.2 

3729.5 

12,956.3 

co 2 

-169,300 

— 

4027.5 

18,391.5 

H 2 o (g) 

-104,040 

— 

4258.0 

15,433.0 

— 


— 


— 


The h°j of liquid propane is obtained by adding the h j g of propane at 77 °F to the h° f of gas propane. Substituting, 

— Gout = (3 )( — 169,300 + 18,391.5 — 4027.5)+ (4)(— 104,040 + 15,433 — 4258)+ (7.5 )(0 + 13,485.8 — 3725. l) 

+ (47 X0 + 12,959.3-3729.5)-(i)(-51.160 + /j 537 -/j 537 )-(12.5)(0 + 3466.2-3725.1) 

-(47X0 + 3472.2-3729.5) 

= -262,773 Btu/ lbmolC 3 H 8 


or 2out “ 262,773 Btu / lbmol C 3 H 8 


Then the rate of heat transfer for a mass flow rate of 0.75 kg/min for the propane becomes 




^ m ' 


V /Vy 


Q 


out 


0.75 lbm/min^ 
v 44 lbm/lbmol y 


(262,773 Btu/lbmol) = 4479 Btu/min 
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15-40 


15-55 Propane is burned with an air-fuel ratio of 25. The heat transfer per kilogram of fuel burned when the temperature of 
the products is such that liquid water just begins to form in the products is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 5 The reactants are at 25 °C and 1 atm. 6 The fuel is in vapor phase. 
Properties The molar masses of propane and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis The mass of air per kmol of fuel is 

m air = ( AF )'»fael 

= (25 kg air/kg fiiel)(l x 44 kg/kmol fiiel) = 1 100 kg air/kmol fiiel 

The mole number of air per kmol of fuel is then 

ST m air 1100 kg air/kmol fiiel , . n , . , 

N- = = = 37.93 kmol air/kmol fiiel 

M , dr 29 kg air/kmol air 

The combustion equation can be written as 

C 3 H 8 +(37.93/4.76)(0 2 +3.76N 2 ) »3C0 2 +4H 2 0 + x0 2 +(37.93/4.76) x3.76N 2 

The coefficient for 0 2 is obtained from 0 2 balance: 



(37.93/4.76) = 3 + 2 + Jt- 


■* = 2.968 


Substituting, C 3 H 8 + 7.968(0 2 + 3.76N 2 ) >3C0 2 + 4H 2 0 + 2.9680. + 29.96N 2 


The mole fraction of water in the products is 


4 kmol 


4 kmol 


3T = 


= 0.1002 


7V prod (3 + 4 + 2.968 + 29.96) kmol 39. 93 kmol 

The partial pressure of water vapor at 1 atm total pressure is 
P v = y v P = (0.1002X101. 325 kPa) = 10.15 kPa 

When this mixture is at the dew-point temperature, the water vapor pressure is the same as the saturation pressure. Then, 
^dp -^sat@ 10 . 15 kPa = 46. 1°C = 3 19. 1 K = 320 K 

We obtain properties at 320 K (instead of 319.1 K) to avoid iterations in the ideal gas tables. The heat transfer for this 
combustion process is determined from the energy balance E in —E out = A E system applied on the combustion chamber with 

W = 0. It reduces to 


-Com = +h -h°) p +h -h°\ 


Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 


hj , kJ/kmol /+ 98 K > kJ/kmol /z 320K > kJ/kmol 


C 3 H 8 -103,850 

0 2 0 8682 9325 

N 2 0 8669 9306 

H 2 0 (g) -241,820 9904 10,639 

C0 2 -393,520 9364 10,186 


Substituting, 

- Q out = (3)(- 393,520 + 10,186 - 9364) + (4)(- 241,820 + 10,639 - 9904) + (2.968)(0 + 9325 - 8682) 

+ (29.96X0 + 9306 - 8669) - (l)(- 103,850) - 0 
= -2,017,590 kJ/kmol C 3 H 8 


or e out = 2,0 17,590 kJ/kmol C 3 H 8 

Then the heat transfer per kg of fuel is 




fiiel 


2,017,590 kJ/kmolfuel 
44 kg/kmol 


= 45,850kJ/kgC 3 H 8 
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15-56 Hydrogen is burned completely during a steady-flow combustion process. The heat transfer from the combustion 
chamber is to be determined for two cases. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 

Analysis The H 2 is burned completely with the stoichiometric amount of air, and thus the products will contain only H 2 0 
and N 2 , but no free 0 2 . Considering 1 kmol of H 2 , the theoretical combustion equation can be written as 


^2 + ^th(^2 +3.76N 2 ) >H 2 0 + 3.76a th N 2 

where a t h is determined from the 0 2 balance to be a th = 0.5. 
Substituting, 

H 2 + 0. 5(0 2 + 3. 76N, ) >H 2 0 + 1 . 88N 2 

The heat transfer for this combustion process is determined from 
the energy balance E- m —E out = A E system applied on the 

combustion chamber with W = 0. It reduces to 


H 2 

25 °C 

Air 

100% theoretical 



Combustion 

chamber 


P = 1 atm 


Products 

25°C 


-aut = IXfe +h +h 


since both the reactants and the products are at 25 °C and both the air and the combustion gases can be treated as ideal gases. 
From the tables, 


h°f 

Substance 

kj/kmol 

H 2 0 

0 2 0 

n 2 0 

H 2 0 CO -285,830 

Substituting, 

- Gout = 0 )(- 285,830) + 0-0-0-0 = -285,830 kJ / kmol H 2 
or 

Q out = 285,830 kJ / kmol H 2 

If combustion is achieved with 50% excess air, the answer would still be the same since it would enter and leave at 25 °C, 
and absorb no energy. 
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15-57 n-Octane is burned with 80 percent excess air. The heat transfer per kilogram of fuel burned for a product 
temperature of 217°C is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 5 The fuel is in vapor phase. 

Properties The molar masses of propane and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis The combustion reaction for stoichiometric air is 

C 8 H 18 + 12.5[o 2 +3.76N 2 ] >8CO, +9H 2 0 + (12.5x3.76)N 2 

The combustion equation with 80% excess air is 

C 8 H lg +1.8xl2.5[o 2 +3.76N 2 ] >8C0 2 + 9H z O + 0.8 x 12.5 0 2 +1.8x12.5 x3.76N 2 

or 

C 8 H 18 + 25[o 2 +3.76N 2 ] >8C0 2 +9H 2 O + 10O 2 +84.6N-, 


The heat transfer for this combustion process is determined from 
the energy balance E- m —E out = AE system applied on the 

combustion chamber with W = 0. It reduces to 

- Gu +h- h°) p - +h- h°) R 

Assuming the air and the combustion products to be ideal 
gases, we have h = h(T). From the tables, 


C 8 H 18 

25°C 

80% excess air 
25°C 


Cdlt 

Combustion 

chamber 

P = 1 atm 



Products 
217 


Substance 

h °f 

kJ/kmol 

^29 8K 

kJ/kmol 

^49 OK. 

kJ/kmol 

c 8 h 18 (g) 

-208,450 

— 

— 

o 2 

0 

8682 

14,460 

n 2 

0 

8669 

14,285 

h 2 o (g) 

-241,820 

9904 

16,477 

co 2 

-393,520 

9364 

17,232 


Substituting, 

- Gout = ( 8 )(- 393,520 + 17,232 - 9364) + (9)(- 241,820 + 16,477 - 9904) + (l0)(0 + 14,460 - 8682) 

+ (84.6X0 + 14,285 - 8669) - (lX~ 208, 450) - 0 - 0 
= -4,239,880 kJ/kmol C 8 H 18 


or 


G out =4,461,095 kJ/kmol C 8 H 18 


Then the heat transfer per kg of fuel is 


Q-OU\. 



-^ftiel 


4,461,095 kJ/kmol fuel 
1 14 kg/kmol 


39,130kJ/kgC 8 H 18 
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15-43 


15-58 A certain coal is burned steadily with 40% excess air. The heat transfer for a given product temperature is to be 
determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, S0 2 , and N 2 . 3 Combustion 
gases are ideal gases. 

Properties The molar masses of C, H 2 , N 2 , 0 2 , S, and air are 12, 2, 28, 32, 32, and 29 kg/kmol, respectively (Table A-l). 

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


N c = 


m 


c 39.25 kg 


■^H2 “ 


M c 12 kg/kmol 
m H2 6.93 kg 


= 3.271 kmol 


^02 ~ 


Nm ~ 


M H2 2 kg/kmol 
m 02 41.11kg 


M 02 32 kg/kmol 

m m 0.72 kg 


= 3.465 kmol 


= 1.285 kmol 


M N2 28 kg/kmol 


= 0.0257 kmol 


Ac = 


/71c 


0.79 kg 


M s 32 kg/kmol 


= 0.0247 kmol 


The mole number of the mixture and the mole fractions are 


N m = 3.271 + 3.465 + 1.285 + 0.0257 + 0.0247 = 8.071 kmol 


Jc 
ym 
y 02 
y N2 

Js 


N c 


N H2 

N m 

Nq2 

N m 

N N2 


A s 


3.271 kmol 
8.071 kmol 


= 0.4052 


3.465 kmol 
8. 071 kmol 
1.285 kmol 
8. 071 kmol 


= 0.4293 


= 0.1592 


0.0257 kmol 
8.071 kmol 


0.00319 


0.0247 kmol 
8.071 kmol 


0.00306 


39.25% C 
6.93% H 2 
41.11% 0 2 
0.72% N 2 
0.79% S 
11.20% ash 
(by mass) 


Coal 

► 


Air 

40% excess 


Combustion 

chamber 


Products 


127°C 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 

0.4052C + 0.4293H 2 + 0.15920 2 + 0.00319N 2 + 0.00306S + 1.4a th (0 2 + 3.76N 2 ) 

> 0.405 2C0 2 + 0.4293H 2 O + 0.4a th O 2 + 0.00306S0 2 + 1.4a th x3.76N 2 


According to the 0 2 mass balance, 

0. 1592 + 1. 4a th = 0.4052 + 0.5 x 0.4293 + 0.4a th +0.00306 >a th =0.4637 

Substituting, 

0.4052C + 0.4293H 2 +0.1592O 2 +0.00319N 2 +0.00306S + 0.6492(0 2 +3.76N 2 ) 

> 0.405 2C0 2 +0.4293H 2 O + 0.18550 2 +0.00306S0 2 +2.441N 2 

The heat transfer for this combustion process is determined from the energy balance E [n - E oui = AE system applied on the 
combustion chamber with W = 0. It reduces to 

-e 0 ut=2>te + h-h°) P +Ti ~ Ti °) r 
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Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


15-44 


Substance 

h°f 

kJ/kmol 

^298 K 

kJ/kmol 

^400 K 

kJ/kmol 

o 2 

0 

8682 

11,711 

n 2 

0 

8669 

11,640 

h 2 o (g) 

-241,820 

9904 

13,356 

co 2 

-393,520 

9364 

13,372 

so 2 

-297,100 

- 

- 


The enthalpy change of sulfur dioxide between the standard temperature and the product temperature using constant specific 
heat assumption is 

Ah SQ2 = c p AT = (41.7 kJ/kmol- K)(127 - 25)K - 4253 kJ/kmol 

Substituting into the energy balance relation, 

- <2 0Ut = (0.4052X- 393,520 + 1 3,372-9364)+ (0.4293)(- 241.820 + 1 3,356 - 9904) 

+ (0. 1855^0 + 11,71 1-8682)+ (2.44lX0 + l 1.640 -8669) + (0.00306X- 297.100 + 4253)- 0 
= -253,244 kJ/kmol C 8 H 18 

or Gout = 253,244 kJ/kmol fiiel 
Then the heat transfer per kg of fuel is 

_ Gout 253,244 kJ/kmol fiiel 

0Ut ~ M fud - (0.4052x12 + 0.4293x2 + 0.1592x32 + 0.00319x28 + 0.00306x32) kg/kmol 
253,244 kJ/kmol fiiel 
11. 00 kg/kmol 

= 23,020kJ/kgcoal 
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15-59 Octane gas is burned with 30 percent excess air during a steady-flow combustion process. The heat transfer per 
unit mass of octane is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 

Properties The molar mass of C 8 H 18 is 1 14 kg/kmol (Table A-l). 

Analysis The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and some 
free 0 2 . The moisture in the air does not react with anything; it simply shows up as additional H 2 0 in the products. 
Therefore, for simplicity, we will balance the combustion equation using dry air, and then add the moisture to both sides of 
the equation. Considering 1 kmol of C 8 H i8 , the combustion equation can be written as 

CgH lg (g)+ 1.8<s th (0 2 + 3.76N 2 ) >8C0 2 +9H 2 O + 0.8« th O 2 +(l.8X3.76« th )N 2 

where a th is the stoichiometric coefficient for air. It is determined from 


O 2 balance :1.8a th = 8 + 4.5 + 0.8a th 


+a th =12.5 


Thus, 

C 8 H 18 (g)+22.5(0 2 +3.76N 2 ) >8C0 2 + 9H,O + 10O 2 +84.6N 2 

Therefore, 22.5 x 4.76 = 107.1 kmol of dry air will be used per 
kmol of the fuel. The partial pressure of the water vapor present 
in the incoming air is 

+in =<*ai+sat@ 25 °c = (0.40X3. 1698 kPa) = 1.268 kPa 

Assuming ideal gas behavior, the number of moles of the moisture 
that accompanies 107.1 kmol of incoming dry air is determined to be 


C 8 H 


8^l 8 




Combustion 

chamber 

P = 1 atm 


80% excess air 
25°C 


Products 
1000* K 


N ■ = 

v,in 


P . 

v,in 


p 

\ 1 total 


N 


r 1.268 kPa A 


total 


(l07.1 + A v?in ) > N v - m =1.36 kmol 


101.325 kPa y 

The balanced combustion equation is obtained by adding 1.36 kmol of H 2 0 to both sides of the equation, 

C 8 H 18 (g) + 22.5(0 2 +3.76N 2 ) + 1.36H 2 0 >8C0 2 + 10.36H 2 O + 10O 2 +84.6N 2 

The heat transfer for this combustion process is determined from the energy balance E m - E out = AE system applied on the 
combustion chamber with W = 0. It reduces to 

- Go u . = X Np fe + Ti - , K ° ) p - £ . N R (h° f + . h- - , h - ° ) R = £ . N P (h} + , h h' 3 ) p - Y, n ri h} _ R 

since all of the reactants are at 25 °C. Assuming the air and the combustion products to be ideal gases, we have h = h(T). 
From the tables, 


Substance 

hf , kJ/kmol 

h 2 98 k ’ kJ/kmol 

^1000K 

c 8 h 18 (g) 

-208,450 

— 

— 

o 2 

0 

8682 

31,389 

n 2 

0 

8669 

30,129 

h 2 o (g) 

-241,820 

9904 

35,882 

co 2 

-393,520 

9364 

42,769 


kJ/kmol 


Substituting, 

- G out = (8)(- 393,520 + 42,769 - 9364)+ (l0.36)(- 241,820 + 35,882 - 9904) 
+ (10X0 + 3 1,389 - 8682) + (84.6)(0 + 30,129 - 8669) 

— (lX- 208,450) - (1.36X- 24 1,820) - 0 - 0 
= -2,537, 130 kJ/kmol C 8 H 18 


Thus 2,537,130 kJ of heat is transferred from the combustion chamber for each kmol (114 kg) of C 8 H 18 . Then the heat 
transfer per kg of C 8 H 18 becomes 


q = 


Qoui 

M 


2,537, 130 kJ 
114kg 


22,260kJ/kg C 8 H 18 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 


15-46 


15-60 



Problem 15-59 is reconsidered. The effect of the 


process is to be investigated. 


amount of excess air on the heat transfer for the combustion 


Analysis The problem is solved using EES, and the solution is given below. 


Fuel$ = 'Octane (C8H18)' 

TJuel = (25+273) "[K]" 

{PercentEX = 80 "[%]"} 

Ex = PercentEX/1 00 "[%Excess air/100]" 

P_air1 = 101 .3 [kPa] 

T_air1 =25+273 "[K]" 

RH_1 =40/100 "[%]" 

T_prod = 1000 [K] 

M air = 28.97 [kg/kmol] 

M water = 18 [kg/kmol] 

M C8H18=(8*12+18*1) "[kg/kmol]" 

"For theoretical dry air, the complete combustion equation is" 

"C8H18 + A_th(02+3.76 N2)=8 C02+9 H20 + A_th (3.76) N2 " 

A_th*2=8*2+9*1 "theoretical O balance" 

"now to find the amount of water vapor associated with the dry air" 
w_1=HUMRAT(AirH20,T=T_air1,P=P_air1,R=RH_1) "Humidity ratio, kgv/kga" 

N_w=w_1*(A_th*4.76*M air)/M water "Moles of water in the atmoshperic air, kmol/kmol_fuel" 

"The balanced combustion equation with Ex% excess moist air is" 

"C8H18 + (1 +EX)[A_th(02+3.76 N2)+N_w H20]=8 C02+(9+(1+Ex)*N_w) H20 + (1+Ex) A_th (3.76) N2+ Ex( 
A_th) 02 " 

"Apply First Law SSSF" 

H_fuel = -208450 [kJ/kmol] "from Table A-26" 

HR=H_fuel+ (1+Ex)*A_th*enthalpy(02,T=T_air1)+(1+Ex)*A_th*3.76 
*enthalpy(N2,T=T_air1)+(1+Ex)*N_w*enthalpy(H20,T=T_air1) 

HP=8*enthalpy(C02,T=T_prod)+(9+(1+Ex)*N_w)*enthalpy(H20,T=T_prod)+(1+Ex)*A_th*3.76* 

enthalpy(N2,T=T_prod)+Ex*A_th*enthalpy(02,T=T_prod) 

Q_net=(HP-HR)"kJ/kmol7(M_C8H18 "kg/kmol") "[kJ/kg_C8H18]" 

Q out = -Q_net "[kJ/kg_C8H18]" 

"This solution used the humidity ratio form psychrometric data to determine the moles of water vapor in 
atomspheric air. One should calculate the moles of water contained in the atmospheric air by the method shown 
in Chapter 14 which uses the relative humidity to find the partial pressure of the water vapor and, thus, the moles 
of water vapor. Explore what happens to the results as you vary the percent excess air, relative humidity, and 
product temperature." 



PercentEX 

[%] 

Qout 

[kJ/kgC8H18] 

0 

31444 

20 

29139 

40 

26834 

60 

24529 

80 

22224 

100 

19919 

120 

17614 

140 

15309 

160 

13003 

180 

10698 

200 

8393 
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15-61 Diesel fuel is burned with 20 percent excess air during a steady-flow combustion process. The required mass flow 
rate of the diesel fuel to supply heat at a specified rate is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 

Analysis The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and some 
free 0 2 . Considering 1 kmol of Ci 2 H 26 , the combustion equation can be written as 


C 12 H 26 +l-2fl th (0 2 +3.76N 2 ) >12CO 2 +13H 2 O + 0.2a th O 2+ (l.2X3.76a th )N 2 


where a ih is the stoichiometric coefficient and is 
determined from the 0 2 balance, 

l.2a {h = 12 + 6.5 + 0. 2a th > a th =18.5 

Substituting, 

C 12 H 26 + 22.2(0 2 + 3.76N 2 ) > 12C0 2 + 13H 2 0 + 3.70 2 + 83.47N 2 

The heat transfer for this combustion process is determined from the 
energy balance E in — E out = AE system applied on the combustion 

chamber with W = 0. It reduces to 


2000 kJ/s 


Q 2 h 26 

25 °C 
Air 

20% excess air 
25°C 


/ 

Combustion 

chamber 

P = 1 atm 


Products 

► 

500 K 


- Q 0 u t = 2X( /z / +h ~ h °) P - +h ~ h ° )«= +h ~ h °)p- 


since all of the reactants are at 25°C. Assuming the air and the combustion products to be ideal gases, we have h = h(T). 
From the tables, 


Substance 

hf 

kJ/kmol 

^298 K 

kJ/kmol 

^500 K 

kJ/kmol 

C 12 H 26 

-291,010 

— 

— 

o 2 

0 

8682 

14.770 

N 2 

0 

8669 

14,581 

h 2 o (g) 

-241,820 

9904 

16,828 

co 2 

-393,520 

9364 

17,678 


Thus, 

-0 out = (l2X-393,520 + 17,678-9364) + (l3X-241,820 + 16, 828-9904) 

+ (3 .7X° + 1 4.770 - 8682 ) + (83 .47X0 + 1 4,58 1 - 8669) - (0(- 29 1,01 0) ■ - 0 - 0 
= -6,869,1 10 kJ/kmol C 12 H 26 

or Gout = 6,869,1 10 kJ/kmol C 12 H 26 


Then the required mass flow rate of fuel for a heat transfer rate of 2000 kJ/s becomes 

/ i t / \ 


m = NM = 


r Q x 


out 


G 


M = 


\ ^OUt J 


2000 kJ/s 


6,869, 110 kJ/kmol 


(170 kg/kmol) = 0.0495 kg/s = 49.5 g/s 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 




15-48 


15-62 Liquid ethyl alcohol, C 2 H 5 OH (liq), is burned in a steady-flow combustion chamber with 40 percent excess air. The 
required volume flow rate of the liquid ethyl alcohol is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 

Analysis The reaction equation for 40% excess air is 

C 2 H 5 OH + 1.4a th [0 2 + 3.76N 2 ] > B C0 2 + D H 2 0 + £0 2 +FN 2 

where a t h is the stoichiometric coefficient for air. We have automatically accounted for the 40% excess air by using the 
factor 1 Aa th instead of a th for air. The coefficient a th and other coefficients are to be determined from the mass balances 


Carbon balance: 

B = 2 






C 2 H 5 OH (liq) 

/ 


Hydrogen balance: 

2D = 6 >D = 3 

25°c' 

Combustion 

Products 

Oxygen balance: 

1 + 2x1 Aa th =2B + D + 2 E 

Air 

chamber 

► 

600 K 


0Aa {h = E 

40% excess 



Nitrogen balance: 

lAa th x3.76 = F 





Solving the above equations, we find the coefficients (E = 1.2, F = 15.79, and a th = 3) and write the balanced reaction 
equation as 


C 2 H 5 OH + 4.2[o 2 + 3.76N 2 ] > 2 C0 2 + 3 H,0 + 1.2 0 2 +15.79 N 2 

The steady-flow energy balance is expressed as 

N fuel Hr = 2out + N fuel H P 

where 

Hr = (hf -hfg )fuel +4.2^02 @298. 15K + (4-2x3. 16)h m @298. 15K 

= -235,3 10 kJ/kmol- 42,340kJ/kmol+ 4.2(-4.425 kJ/kmol)+ (4.2 x 3.76)(-4.376 kJ/kmol) 
= -277,650 kJ/kmol 


H p -2/z CO 2@600K + ^H20@600K + 1.2/l O 2@600K + 15-79 /z n2 @600K 

= 2(-380,623 kJ/kmol)+3(-23 1,333 kJ/kmol) +1.2(9251 kJ/kmol) +15.79(8889 kJ/kmol) 

= -1.304xl0 6 kJ/kmol 

The enthalpies are obtained from EES except for the enthalpy of formation of the fuel, which is obtained in Table A-27 of 
the book. Substituting into the energy balance equation, 

N p = 2out + ^fuel-^P 

(-277,650 kJ/kmol) = 2000 kJ/s + /V foel (- 1.304 xlO 6 kJ/kmol) >/V foel = 0.001949 kmol/s 

The fuel mass flow rate is 


m foel = ^Vfuei^fuei = (0.001949 kmol/s)(2x 12 + 6x1 + 16) kg/kmol = 0.08966 kg/s 
Then, the volume flow rate of the fuel is determined to be 

i 0.08966 kg/s 


^fiiel 


/ 6000L/min^ 


Pfaei 790 kg/m 


l lm J /s J 


= 6.81L/min 
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15-63 A mixture of propane and methane is burned with theoretical air. The balanced chemical reaction is to be written, and 
the amount of water vapor condensed and the the required air flow rate for a given heat transfer rate are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain 
C0 2 , CO, H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 , N 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-l). 

Analysis (a) The balanced reaction equation for stoichiometric air is 
0.4C 3 H 8 +0.6CH 4 +tf th [0 2 +3.76N 2 ]— 


+1.8C0 2 +2.8 H 2 0 + a th x 3.76 N 2 


The stoicihiometric coefficient a { h is determined from an 0 2 balance: 
a th =1.8 + 1.4 = 3.2 


C 3 H 8 , Ctt 


Air 


100% theoretical 


Substituting, 

0.4C 3 H 8 +0.6CH 4 +3.2[o 2 +3.76N 2 ] »1.8C0 2 +2.8 H 2 0 + 12.032 N 2 

(b) The partial pressure of water vapor is 

2.8 


Combustion 

chamber 


P _ N mo 

c AT 

total 


N 


P 

1 total 


1.8 + 2.8 + 12.032 


(100 kPa) = 2 ' 8kmQl (100 kPa) = 16.84 kPa 
16.632 kmol 


The dew point temperature of the product gases is the saturation temperature of water at this pressure: 
Tdp - ^sat@ 1 6.84kPa = 56. 2°C (Table A-5) 


co 2 , h 2 o, 
n 2 


Since the temperature of the product gases are at 423 K (150°C), there will be no condensation of water vapor. 

(c) The heat transfer for this combustion process is determined from the energy balance E in —E out = A£’ system applied on 
the combustion chamber with W = 0. It reduces to 

The products are at 125 °C, and the enthalpy of products can be expressed as 
(+r)=c p A7’ 

where AT = 150 - 25 = 125°C = 125 K . Then, using the values given in the table, 

-Q out = (1 -8)(— 393,520 + 41.16 x 125) + (2.8)(-24 1,820 + 34.28 x 125) + (12.032)(0 + 29.27 x 125) 

- (0.4)(-103,850) - (0.6)(-74,850) 

=-1,233,700 kJ/kmol fuel 

or Q out = 1,233,700 kJ/kmol fiiel 

For a heat transfer rate of 140,000 kJ/h, the molar flow rate of fuel is 



£?out 

Qoui 


140,000 kJ/h 
1,246,760 kJ/kmol fuel 


= 0.1 135 kmol fiiel/h 


The molar mass of the fuel mixture is 

Mfoei — 0.4 x 44 + 0.6 x 16 = 27.2 kg/kmol 
The mass flow rate of fuel is 


m fo e l =^fuei M fiiei = (0-1 135 kmol/h)(27.2 kg/kmol) = 3.087 kg/h 
The air-fuel ratio is 


AF = ^- 


m 


fuel 


(3.2x4.76x29) kg 
(0.4x44 + 0.6x16) kg 


= 1 6. 24 kg air/kg fiiel 


The mass flow rate of air is then 

rhair =m foe iAF = (3.087 kg/h)(16.24) = 50.1 kg/h 
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15-64 A mixture of ethanol and octane is burned with 10% excess air. The combustion is incomplete. The balanced 
chemical reaction is to be written, and the dew-point temperature of the products, the heat transfer for the process, and the 
relative humidity of atmospheric air for specified conditions are to be determined. 


Assumptions 1 Combustion is incomplete. 2 The combustion products 
contain C0 2 , CO, H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 , N 2 and air are 12 kg/kmol, 
2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 


C 8 H 18 

c 2 h 6 o 

1 

Air 
1 

10% excess 


Combustion 

chamber 


CO?, CO 

h 2 o, o 2 , n 2 


Analysis (a) The balanced reaction equation for stoichiometric air is 

0. 1C 2 H 6 0 + 0.9C 8 H 18 +fl,h[0 2 +3.76N 2 ] >7.4C0 2 + 8.4H,0 + fl th x3.76N 2 

The stoicihiometric coefficient a th is determined from an 0 2 balance: 

0.1/2 + a th = 7.4 + 8.4/2 >a th =11.55 

Substituting, 

0. 1C 2 H 6 0 + 0.9 C 8 H 18 + 1 1.55[o 2 + 3.76N 2 ] >7.4C0 2 + 8.4H 2 0 + 1 1.55 x 3.76 N 2 

The reaction with 10% excess air and incomplete combustion can be written as 
0.1C 2 H 6 0 + 0.9C 8 H 18 +1.1 x11.55[0 2 +3.76N 2 ] 

>0.9x7.4CO 2 +0.1x7.4CO + 8.4H 2 O + jcO 2 + 1.1 x 11.55 x 3.76 N 2 


The coefficient for 0 2 is determined from a mass balance, 

0 2 balance: 0.5 x 0.1 + 1.1 x 1 1.55 = 0.9 x 7.4 + 0.5 x (0.1 x 7.4) + 0.5 x 8.4 + x = 1.525 

Substituting, 

0.1C 2 H 6 0 + 0.9C 8 H 18 + 12.705[0 2 +3.76N 2 ] 

>6.66C0 2 + 0.74 CO + 8.4 H 2 0 + 1.525 0 2 +47.77N 2 


(b) The partial pressure of water vapor is 

p _ N H2Q d 


8.4 


v N,^ ' totd 6.66 + 0.74 + 8.4 + 1.525 + 47.77 


(100 kPa) = 8,4 kmpl (100 kPa) = 12.9 kPa 


tQta J U.UUTU./‘tTO.‘tTl.JZ,JT‘t/./ / 65.1 0 klTlOl 

The dew point temperature of the product gases is the saturation temperature of water at this pressure: 

T dp — ^sat@ i2.9kPa “ 50.5°C (Table A-5) 

(c) The heat transfer for this combustion process is determined from the energy balance E- m —E out = AZs system applied on 
the combustion chamber with W = 0. It reduces to 


-Gou,=E^( / V +h - h °l-Z N *( h i +h ~ h \ 


Both the reactants and products are at 25 °C. Assuming the air and the combustion products to be ideal gases, we have h = 
h(T). Then, using the values given in the table, 

-<2 out = (6.66)(-393,520) + (0.74)(-l 10,530) + (8.4)(-24 1,820) - (0.1)(-235,310) - (0.9)(-208,450) 

=- 4,522,790 kJ/kmol fuel 

or Q out = 4,522,790 kJ/kmol fuel 

The molar mass of the fuel is 

M = 0. 1 x 46 + 0.9 x 1 14 = 107.2 kg/kmol 
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Then the heat transfer for a 2.5 kg of fuel becomes 


Gout = A^Gout = 


^ m ^ 

M 


Q 


out 


2.5 kg 

107.2kg/kmol 


(4,522,790 kJmol) = 1 05,480k J 


(d) For 9.57 kmol of water vapor in the products, the air must carry 9.57 - 8.4 = 1.17 kmol of water vapor in the 
atmospheric air. The partial pressure of this water vapor in the stmospheric air is 



A^H2Q 

N total 



1.17 

12.705x4.76 + 1.17 


(100 kP a) = 


1.17 kmol 
61.65 kmol 


(100 kPa) = 1.8979 kPa 


The saturation pressure of water at 25°C is 3.17 kPa (Table A-4). The relative humidity of water vapor in the atmospheric 
air is then 



P 


P 

1 total 


1.8979 kPa 
3.17 kPa 


0.599 = 59.9% 
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15-65 A mixture of methane and oxygen contained in a tank is burned at constant volume. The final pressure in the 
tank and the heat transfer during this process are to be determined. 

Assumptions 1 Air and combustion gases are ideal gases. 2 Combustion is complete. 


Properties The molar masses of CH 4 and 0 2 are 16 kg/kmol and 32 kg/kmol, respectively (Table A-l). 

Analysis (a) The combustion is assumed to be complete, and thus all the carbon in the methane burns to C0 2 and all of the 
hydrogen to H 2 0. The number of moles of CH 4 and 0 2 in the tank are 


nir' h 0 12 k2 -2 

N cu = — - — ' = 7.5x10 kmol = 7.5 mol 

4 Af ch 4 16 kg/kmol 

m Q 0.6 kg o 

N n = - = — = 18.75xl0~ 3 kmol = 18.75 mol 

2 M 0n 32 kg/kmol 

Then the combustion equation can be written as 


7.5CH 4 +18.750 2 >7.5C0 2 +15H 2 0 + 3.750 2 



0 2 + CH 4 
25°C, 200 kPa 

\ 

1200 K 


At 1200 K, water exists in the gas phase. Assuming both the reactants and the products to be ideal gases, the final pressure 
in the tank is determined to be 


P R V = NpR„T 


R lv u* R 


P p V=N p R„T p 



( -KT \ 

N P 

f T \ 

i p 

II 


k T R y 


Substituting, 


P p = (200 kPa 


/ 26.25 mol 

f 1200 k" 

^26.25 mol J 

[ 298 K J 


= 805 kPa 


which is relatively low. Therefore, the ideal gas assumption utilized earlier is appropriate. 

( b ) The heat transfer for this constant volume combustion process is determined from the energy balance 
E m — E ou[ - A E system applied on the combustion chamber with W = 0. It reduces to 

- 2out = (h°f + . h - . h° - Pu) p -J^Npfc+h- h° - pu) r 

Since both the reactants and products are assumed to be ideal gases, all the internal energy and enthalpies depend on 
temperature only, and the P U terms in this equation can be replaced by R U T. It yields 

-e 0 ut = 2>fe + ^1200 K -^298 K -R u t) p ~YjN R (h} -R„t) r 
since the reactants are at the standard reference temperature of 25 °C. From the tables, 


Substance 

hf 

kj/kmol 

^298 K 

kj/kmol 

hl200 K 

kj/kmol 

ch 4 

-74,850 

— 

— 

o 2 

0 

8682 

38,447 

h 2 o (g) 

-241,820 

9904 

44,380 

co 2 

-393,520 

9364 

53,848 


Thus, 

-g out = (7.5X-393.520 + 53, 848-9364-8.314x1200) 

+ (15)(— 241,820 + 44,380 - 9904 - 8.3 14 x 1200) 

+ (3.75X0 + 38,447 -8682-8.314x1200) 

- (7.5)(- 74,850 - 8.3 14 x 298) - (l8.75X~ 8.3 14 x 298) 
= -5,251,79 0 = -5252 kJ 


Thus <2 out = 5252 kJ of heat is transferred from the combustion chamber as 120 g of CH 4 burned in this combustion 
chamber. 
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15-66 



Problem 15-65 is reconsidered. The effect of the final temperature on the final pressure and the heat transfer 


for the combustion process is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

T reac = (25+273) "[K]" 

P_reac = 200 [kPa] 

{T_prod = 1200 [K]} 
m_02=0.600 [kg] 

Mw_02 = 32 [kg/kmol] 
m_CH4 = 0.120 [kg] 

Mw_CH4=(1 *12+4*1) "[kg/kmol]" 
R_u = 8.314 [kJ/kmol-K] 


"reactant mixture temperature" 
"reactant mixture pressure" 
"product mixture temperature" 
"initial mass of 02" 

"initial mass of CH4" 

"universal gas constant" 


"For theoretical oxygen, the complete combustion equation is" 
"CH4 + A_th 02=1 C02+2 H20 " 

2*A th=1 *2+2*1 "theoretical O balance" 


"now to find the actual moles of 02 supplied per mole of fuel" 
N_02 = m_02/Mw_02/N_CH4 
N CH4= m CH4/Mw CH4 


"The balanced complete combustion equation with Ex% excess 02 is" 

"CH4 + (1+EX) A_th 02=1 C02+ 2 H20 + Ex( A_th) 02 " 

N_02 = (1+Ex)*A_th 

"Apply First Law to the closed system combustion chamber and assume ideal gas 
behavior. (At 1200 K, water exists in the gas phase.)" 

EJn - E_out = DELTAE_sys 
EJn = 0 

E_out = Q_out "kJ/kmol_CH4" "No work is done because volume is constant" 

DELTAE_sys = U_prod - U_reac "neglect KE and PE and note: U = H - PV = N(h - R_u T)" 

U_reac = 1*(enthalpy(CH4, T=T_reac) - R_u*T_reac) +(1+EX)*A_th*(enthalpy(02,T=T_reac) - R_u*T_reac) 
U_prod = 1*(enthalpy(C02, T=T_prod) - R_u*T_prod) +2*(enthalpy(H20, T=T_prod) - 
R_u*T_prod)+EX*A_th*(enthalpy(02,T=T_prod) - R_u*T_prod) 

"The total heat transfer out, in kJ, is:" 

Q_out_tot=Q_out"kJ/kmol_CH47(Mw_CH4 "kg/kmol_CH4") *m_CH4"kg" "kJ" 


"The final pressure in the tank is the pressure of the product gases. Assuming 
ideal gas behavior for the gases in the constant volume tank, the ideal gas law gives:" 


P_reac*V =N_reac * R u *T_reac 
P_prod*V = Nprod * R_u * T_prod 
Nreac = N_CH4*(1 + N_02) 
Nprod = N_CH4*(1 + 2 + Ex*A_th) 


Tprod 

[K] 

Qout,tot 

[kJ] 

Pprod 

[kPa] 

500 

5872 

335.6 

700 

5712 

469.8 

900 

5537 

604 

1100 

5349 

738.3 

1300 

5151 

872.5 

1500 

4943 

1007 



(0 

CL 


■o 

o 

i— 

Q. 

CL 
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15-67E Methane is burned with stoichiometric amount of air in a rigid container. The heat rejected from the container is to 
be determined. 


Assumptions 1 Air and combustion gases are ideal gases. 2 Combustion is complete. 


Properties The molar masses of CH 4 and air are 16 lbm/lbmol and 29 lbm/lbmol, respectively (Table A- IE). 


Analysis The combustion equation for 1 lbmol of fuel is 

CH 4 +2(0 2 +3.16N 2 ) >C0 2 +2H 2 0 + 7.52N 2 

The heat transfer for this constant volume combustion process is determined from 
the energy balance E [n - E ou[ - A Zs tem applied on the combustion chamber with 

W = 0. It reduces to 

-Gout +h-h° -pu) p +*-*" - p ") R 


.out 


ch 4 

Theoretical air 
77°F, 14.4 psia 

i 

800°F 


Since both the reactants and products are assumed to be ideal gases, all the internal energy and enthalpies depend on 
temperature only, and the PU terms in this equation can be replaced by R U T. It yields 

-Qou t =2>fe + W -/*537R -R U T) p ~£ N Jlfc ~ R » T )r 


since the reactants are at the standard reference temperature of 77 °F. From the tables, 


Substance 

hf 

Btu/lbmol 

^537R 

Btu/lbmol 

hl260R 

Btu/lbmol 

ch 4 

-32,210 

— 

— 

o 2 

0 

3725.1 

9096.7 

n 2 

0 

3729.5 

8859.3 

h 2 o (g) 

-104,040 

4258.0 

10,354.9 

co 2 

-169,300 

4027.5 

11,661.0 


Thus, 

- Q om = (l)(- 169,300 + 1 1,661 .0 - 4027.5 - 1 .9858 x 1260) 

+ (2X- 104,040 + 10,354.9 - 4258.0 - 1.9858 x 1260) 

+ (7.52X0 + 8859.3 - 3729.5 - 1 .9858 x 1260) 

- (lX- 32,210 - 1 .9858 x 537) - (2)(- 1 .9858 x 537) - (7.52)(- 1 .9858 x 537) 
= -30 1,900 B tu/lbmolCH 4 

Thus 


2 out =301 ,900Btu/lbmol CH 4 
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15-68 A stoichiometric mixture of octane gas and air contained in a closed combustion chamber is ignited. The heat transfer 
from the combustion chamber is to be determined. 

Assumptions 1 Both the reactants and products are ideal gases. 2 Combustion is complete. 

Analysis The theoretical combustion equation of C 8 H J8 with stoichiometric amount of air is 

C 8 H 18 (g)+ a th (0 2 + 3.76N 2 ) » 8C0 2 +9H 2 0 + 3.76« th N 2 

where a t h is the stoichiometric coefficient and is determined from the 0 2 balance, 
a th = 8 + 4.5 = 12.5 

Thus, 

C 8 H 18 (g)+12.5(0 2 +3.76N 2 ) >8C0 2 +9H 2 0 + 47N 2 

The heat transfer for this constant volume combustion process is determined 
from the energy balance E in - E oul - AE syslem applied on the combustion 

chamber with W 0 ther = 0, 

- e out = x+fe + /T - Ti ° - pu ) P - X+fe +Ti ~ Ti ° - P A 

For a constant pressure quasi -equilibrium process AU + W b = AH. Then the first law relation in this case is 

“ Qo ut = ^Npjhf + h\ 00 CK “ ^298k) p _ ^N R hf'R 

since the reactants are at the standard reference temperature of 25 °C. Since both the reactants and the products behave as 
ideal gases, we have h = h(T). From the tables, 


P - const. 
CgH 18 + Air 
25C, 300 kPa 



Q 


i 


1000 K 


Substance 

hf 

kj/kmol 

^298 K 

kj/kmol 

hlOOO K 

kj/kmol 

c 8 h 18 (g) 

-208,450 

--- 

— 

o 2 

0 

8682 

31.389 

n 2 

0 

8669 

30,129 

h 2 o (g) 

-241,820 

9904 

35,882 

co 2 

-393,520 

9364 

42,769 


Thus, 

-Gout = (8X-393.520 + 42,769- 9364)+ (9X-24 1,820 + 35,882 -9904) 
+ (47 )(0 + 30,1 29 - 8669) - (l )(- 208, 450) - 0 - 0 
= -3,606,428 kJ (per kmol of C 8 H 18 ) 

or 2 0Ut = 3,606,428 kJ (per kmol of C 8 H 18 ). 


Total mole numbers initially present in the combustion chamber is determined from the ideal gas relation, 



m 

RJ i 


(300 kPajo.5 m : 

8.3 14 kPa-m 3 /kmol-K 1(298 k) 


= 0.06054 kmol 


Of these, 0.06054 / (1 + 12.5x4.76) = l.OOlxlO' 3 kmol of them is C 8 H 18 . Thus the amount of heat transferred from the 
combustion chamber as 1.001x10' kmol of C 8 H 18 is burned is 

e out = (l.OOlxKT 3 kmol C 8 H 18 )(3,606,428kJ/kmolC 8 H 18 ) = 3610 kJ 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



15-56 


15-69 A high efficiency gas furnace burns gaseous propane C 3 H 8 with 140 percent theoretical air. The volume flow rate of 
water condensed from the product gases is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 

Analysis The reaction equation for 40% excess air (140% theoretical air) is 

C 3 H 8 + 1 ,4a th [0 2 + 3. 76N 2 ] » BC0 2 +DH 2 0 + £0 2 +FN 2 

where a t h is the stoichiometric coefficient for air. We have automatically accounted for the 40% excess air by using the 
factor 1 Aa th instead of a th for air. The coefficient a th and other coefficients are to be determined from the mass balances 

B = 3 


Carbon balance: 

Hydrogen balance: 
Oxygen balance: 


2D = 8 


->£> = 4 


2xl.4a th = 22? + D + 2E 
0.4^ th = E 

Nitrogen balance: 1 Aa th x 3.76 = F 

Solving the above equations, we find the coefficients ( E = 2, 

F = 26.32, and a { h = 5) and write the balanced reaction equation as 

C 3 H 8 +7 [o 2 +3.76N 2 ] >3C0 2 +4H,0 + 20 2 +26.32N 2 

The partial pressure of water in the saturated product mixture at the dew point is 
^v,prod = ^sat@ 40 °c = 7.385 1 kPa 


C 3 H 8 

2+C* 

Air 
1 

40% excess 


Q 

Combustion 

chamber 


Products 

► 


The vapor mole fraction is 


= 


^v,prod 7.385 lkPa 


P, 


prod 


100 kPa 


= 0.07385 


The kmoles of water condensed is determined from 


Jv = 


N 


water 


N, 


>0.07385 = 


4-N. 


w 


total,product 

The steady-flow energy balance is expressed as 

N fuel Hr = 2fuel + N fuel H P 


3 + 4- N„. +2 + 26.32 


>/V w = 1.503 kmol 


w 


where Qinel = 


Q, 


out 




mace 


3 1,650 kJ/h 
0.96 


= 32,969 kJ/h 


H R ~hf fuel@25°C + ^ 2 02@25°C + 26.32/l N 2@25°C 

= (-103,847 kJ/kmol)+ 7(0) + 26.32(0) = -103,847 kJ/kmol 

H p = 3/z C0 2@25°C + 4^H20@25°C + ^02@25°C + 26.32/l N 2@25°C + (^/ H20(liq)^ 

= 3(-393,520 kJ/kmol) + 4(-24 1,820 kJ/kmol) + 2(0) + 26.32(0) + 1.503(-285,830 kJ/kmol) 

= -2.577 xlO 6 kJ/kmol 
Substituting into the energy balance equation, 

^fuel Hr = Gfuel + ^fuel^P 

Nfuei (-103,847 kJ/kmol) = 32,969 kJ/h + (-2.577 x 10 6 kJ/kmol) > = 0.01333 kmol/h 

The molar and mass flow rates of the liquid water are 

N w =A/ w A/ foel =(1.503 kmol/kmolliiel)(0.01 333 kmolluel/h) =0.02003 kmol/h 

m w =/V w M w =(0.02003 kmol/h)(18 kg/kmol) = 0.3608 kg/h 
The volume flow rate of liquid water is 

0 W = (v f @25X )m w =(0.001003 m 3 /kg)(0.3608 kg/h) = 0.0003619 m 3 /h = 8.7 L/day 
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Adiabatic Flame Temperature 


15-57 


15-70C For the case of stoichiometric amount of pure oxygen since we have the same amount of chemical energy released 
but a smaller amount of mass to absorb it. 


15-71C Under the conditions of complete combustion with stoichiometric amount of air. 
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15-72 Acetylene is burned with stoichiometric amount of oxygen. The adiabatic flame temperature is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 

Analysis Under steady-flow conditions the energy balance E in - E out = AZs system applied on the combustion chamber with 
Q = W = 0 reduces to 


+Ji -h°) p +h-h\ — > +Tl 

since all the reactants are at the standard reference temperature of 25°C. Then, 


h )p~'Ej N R h f.R 
for the stoichiometric oxygen 


c 2 h 2 

+ 2.50 2 >2C0 2 

+ ih 2 o 

From the tables, 

Substance 

hf 

kJ/kmol 

^298K 

kJ/kmol 

c 2 h 2 (g) 

226,730 

— 

o 2 

0 

8682 

N 2 

0 

8669 

h 2 o (g) 

-241,820 

9904 

co 2 

-393,520 

9364 


C 2 H 2 ; 

Combustion 

chamber 

Products 

25°c1; 

100% theoretical 0 2 j:: 

< j 

! 




Thus, 

(2)(— 393,520 + h CQ2 - 9364)+ (1)(- 241,820 + h mo - 9904)= (1)(226,730) + 0 + 0 
It yields 2 /i C 02 + l/z H20 = 1,284,220 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,284,220/(2+1) = 428,074 kJ/kmol. The ideal gas 
tables do not list enthalpy values this high. Therefore, we cannot use the tables to estimate the adiabatic flame temperature. 
In Table A-2b, the highest available value of specific heat is c p = 1.234 kJ/kg-K for CO 2 at 1000 K. The specific heat of 
water vapor is c p = 1.8723 kJ/kg-K (Table A-2a). Using these specific heat values, 

(2)(— 393,520 + c p AT)+ (1)(- 241,820 + c p AT)= (1)(226,730) + 0 + 0 
where AT = (T. df - 25)°C . The specific heats on a molar base are 

c pC 02 =c p M = (1 .234 kJ/kg • K)(44 kg/kmol) = 54. 3 kJ/kmol • K 
T p mo = c p M = (1.8723 kJ/kg • K)(18 kg/kmol) = 33.7 kJ/kmol- K 

Substituting, 

(2)(- 393,520 + 54.3AT)+ (1)(- 241,820 + 33.7Ar)= 226,730 

(2 x 54.3)AT + 33.7A T = 1,255,590 

!, 255,590 kJ/kmol =g824K 

(2x54.3 + 33.7) kJ/kmol -K 

Then the adiabatic flame temperature is estimated as 
T df = AT + 25 = 8824 + 25 = 8849PC 
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15-73 Propane is burned with stoichiometric and 50 percent excess air. The adiabatic flame temperature is to be determined 
for both cases. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 

Analysis Under steady-flow conditions the energy balance E- m - E out = A £ system applied on the combustion chamber with 
Q=W = 0 reduces to 


£ N P (h° f + h - h ° ) p = 2 N r ( h }+h-h\ > 2 N ? ( /? / + h ~ h ° l = Z Nr h}. 


R 


since all the reactants are at the standard reference temperature of 25°C. Then, for the stoicihiometric air 


C 3 H 8 + a th (0 2 +3.76N 2 ) >3C0 2 + 4H 2 0 + a th x 3.76 N 2 

where a t h is the stoichiometric coefficient and is determined from the 0 2 balance, 
a ih = 3 + 2 = 5 


Thus, 


C 3 H 8 + 5 (0 2 + 3.76 N 2 ) >3C0 2 + 4H 2 0 + 18.8N 2 


From the tables, 


Substance 

hr 

kJ/kmol 

^298K 

kJ/kmol 

c 3 h 8 (g) 

-103,850 

— 

o 2 

0 

8682 

n 2 

0 

8669 

h 2 o (g) 

-241,820 

9904 

co 2 

-393,520 

9364 


C 3 H 8 


25 °C Combustion Produ cts 
Air J chamber i Tp ’ 


100% Y777777777777777, 


theoretical air 


Thus, 

(3)(- 393,520 + h CQ2 - 9364)+ (4)(- 241,820 + /T mo -9904)+(18.8)(o + / 7 N2 -8669)=(l)(-103,850)+0 + 0 
It yields 3/z CQ 2 + 4/i H2 o + 18.8/z N2 = 2,274,680 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,274,680/(3 + 4 + 18.8) = 88,166 kJ/kmol. This 
enthalpy value corresponds to about 2650 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 2650 K, 
but somewhat under it because of the higher specific heat of H 2 0. 

At 2500 K: 

3/^co2 4/^h 20 18.8/ijyj 2 = 3 x 131,290 + 4 x 108,868 + 18.8 x 82,981 

= 2,389,380 kJ (Higher than 2,274,680 kJ) 

At 2450 K: 

3/^co2 4/?h2o 18.8/zp s j 2 — 3 x 128,219 + 4 x 106,183 + 18.8 x 8 1,149 

= 2,334,990 kJ (Higher than 2,274,680 kJ) 

At 2400 K: 

3 h CQ2 + 4 h mo + 18.8/z N2 = 3 x 125,152 + 4 x 103,508 + 18.8 x 79,320 

= 2,280,704 kJ (Higher than 2,274,680 kJ) 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 




15-60 


At 2350 K: 

3/?co2 4/?h2o 18 . 8 / 7^2 — 3 x 122,091 + 4 x 100,846 + 18.8 x 77,496 

= 2,226,580 kJ (Lower than 2,274,680 kJ) 

By interpolation of the two results, 

T P = 2394 K = 2121 °C 


When propane is burned with 20% excess air , the reaction equation may be written as 

C 3 H 8 + 1.2xa th (0 2 +3.76N 2 ) >3C0 2 + 4H 2 0 + 0.2x a th 0 2 +1.2x« th x3.76N 2 

where a t h is the stoichiometric coefficient and is determined from the 0 2 balance, 


1.2fl th = 3 + 2 + 0.2a th > a th =5 


Thus, 

C 3 H 8 +6(0 2 +3.76N 2 ) >3C0 2 +4H 2 0 + 10 2 +22.56N 2 


Using the values in the table, 

(3)(— 393,520 + h CQ2 - 9364)+ (4)(- 241,820 + h mo - 9904) + 
+ (22.56)(o + / 7 n2 - 8669)= (lX- 103,850) + 0 + 0 


CiHs i 1 



Combustion 

chamber 


20% excess air 
25°C 


Products 

73 


0 + /zq 2 — 8682 


It yields 

3h col + 4^h20 + 1^02 + 22.56/? N2 = 2,315,950 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,3 15,950/(3+4+1+22.56) = 75,784 kJ/kmol. This 
enthalpy value corresponds to about 2300 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 2300 K, 
but somewhat under it because of the higher specific heat of H 2 0. 

At 2100 K: 


3h CQ2 + 4 h H2 o + l/*o 2 + 22.56 h m = 3 x 106,864 + 4 x 87,735 + 1 x 71,668 + 22.56 x 68,417 

= 2,286,690 kJ (Lower than 2,315,950kJ) 

At 2150 K: 

3*co2 + 4 h mo + lh Q2 + 22.56 h N2 = 3 x 109,898 + 4 x 90,330 + 1 x 73,573 + 22.56 x 70,226 

= 2,348,890 kJ (Higher than 2, 3 15, 950 kJ) 

By interpolation, 

T P = 2124 K = 1851°C 
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15-74 Acetylene gas is burned with 30 percent excess air during a steady-flow combustion process. The exit temperature of 
product gases is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 

Analysis The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and some 
free 0 2 . Considering 1 kmol of C 2 H 2 , the combustion equation can be written as 

C 2 H 2 + 1.3a th (0 2 + 3.76N 2 ) >2CO, + H 2 0 + 0.3a th O 2 + (l.3X3.76)« th N 2 

where a th is the stoichiometric coefficient and is determined from the 0 2 balance, 


\3a [h = 2 + 0.5 + 0.3a th > a th = 2.5 

Thus, 

C 2 H 2 + 3.25(0, + 3.76N, ) > 2CO, + H,0 + 0.750, + 12.22N, 

Under steady-flow conditions the energy balance 

E [n - E out = A £ system applied on the combustion chamber with 

W= 0 reduces to 

- Gout = E n M +T i ~ /? i - + /T - 


75,000 kJ/kmol 


c 2 h 2 

25 °C 
Air 

30% excess air 
27°C 


/ 

Combustion 

chamber 


Products 


T P 




Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Thus, 


Substance 

hr 

kJ/kmol 

^298 K 

kJ/kmol 

^300 K 

kJ/kmol 

C,H 2 

226,730 

— 

— 

o. 

0 

8682 

8736 

N, 

0 

8669 

8723 

H,0 (g) 

-241,820 

9904 

— 

CO, 

-393,520 

9364 

— 

75,000 = (2)(- 393,520 + /i co , -9364)+(l)(- 241,820 + /j h , o -9904 


+ (0.75)(0 + /? o , - 8682)+ (l2.22)(o + /j N 2 -8669)-(lX226,730) 
- (3 .25 X0 + 8736 - 8682) + (l 2.22)(0 + 8723 - 8669) 


It yields 

2/*co 2 Th 2 o + 0.75/To 2 + 12.22/7 N2 = 1,32 1,1 84 kJ 


The temperature of the product gases is obtained from a trial and error solution. A first guess is obtained by dividing the 
right-hand side of the equation by the total number of moles, which yields 1,321,184/(2 + 1 + 0.75 + 12.22) = 82,729 
kJ/kmol. This enthalpy value corresponds to about 2500 K for N 2 . Noting that the majority of the moles are N 2 , T P will be 
close to 2500 K, but somewhat under it because of the higher specific heats of C0 2 and H 2 0. 

At 2350 K: 

2/7 co , +Vo +0.75V +12.22 = (2 Xl22,09l)+(lXl 00,846) + (0.75)(81, 243)+ (l2.22)(77,496) 

= 1,352,961 kJ (Higher than 1,321, 184 kj) 

At 2300 K: 

2/? co , +Vo +0.75V +12.22 V = (2)(l 19,035) + (lX98,199) + (0.75)(79,316) + (l2.22X75,676) 

= 1,320,517 kJ (Lower than 1,321, 184 kj) 

By interpolation, 

T P = 2301 K 
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15-75 Octane gas is burned with 30 percent excess air during a steady-flow combustion process. The exit temperature of 
product gases is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 

Analysis Under steady-flow conditions the energy balance E m —E out = A E system applied on the combustion chamber with 
Q = W = 0 reduces to 

+h-h°) p =Yj N «( Jl °f + / + + L +h-h°) p =Y J N Rh},R 

since all the reactants are at the standard reference temperature of 25°C. Then, 

C 8 H 18 (g)+ 1.3<7 th (0 2 +3.76N 2 ) >8C0 2 + 9H 2 0 + 0.3a th 0 2 +(l.3X3.76>* th N 2 

where a t h is the stoichiometric coefficient and is determined from the 0 2 balance, 


1 .3 a th = 8 + 4.5 + 0.3a th 


a th = 12.5 


Thus, C 8 H 18 (g)+16.25(0 2 +3.76N 2 ) >8CO z +9H 2 0 + 3.750 2 +61.1N 2 

Therefore, 16.25x4.76 = 77.35 kmol of dry air will be used per 
kmol of the fuel. The partial pressure of the water vapor 
present in the incoming air is 

p v , in =^sat @ 25°c = (0.60)(3. 1698 kPa) = 1.902 kPa 


C 8 H 18 : : r 


25 °C 


Assuming ideal gas behavior, the number of moles of the moisture that 
accompanies 77.35 kmol of incoming dry air is determined to be 


30% excess air 
25 °C 


Combustion 

chamber 

/ 

/ 

/ 

/ 

fTTTTTTTTTTTTT^-l 


Products 


N • = 

v,in 


P . 

v,in 


1.902 kPa 
101.325 kPa 


N v 5 in =1.48 kmol 


The balanced combustion equation is obtained by adding 1.48 kmol of H 2 0 to both sides of the equation, 

C 8 H 18 (g)+ 16.25(0 2 + 3.76N 2 )+1.48H 2 0 >8CO z + 10.48H 2 O + 3.750 2 + 61. 1N 2 

From the tables, 


Substance 

hf 

kJ/kmol 

^298 K 

kJ/kmol 

c 8 h 18 (g) 

-208,450 

— 

o 2 

0 

8682 

n 2 

0 

8669 

h 2 o (g) 

-241,820 

9904 

co 2 

-393,520 

9364 


Thus, 

(8)(- 393,520 + /lco, - 9364)+ (l0.48)(- 241,820 + -9904)+(3.75)(o + V - 8682 ) 

+ (61. l)(o + V - 8669) = (lX- 208,450) + (l .48X- 241,820) + 0 + 0 
It yields 8/z co , + 10.48/z H2 o h- 3.75/z 0o +61.1 h N2 =5,857,029 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 5,857,029/(8 + 10.48 + 3.75 + 61.1) = 70,287 kJ/kmol. 
This enthalpy value corresponds to about 2150 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 
2150 K, but somewhat under it because of the higher specific heat of H 2 0. 

At 2000 K: 

8A co „ +10.48/7 HiO +3.75/7 0i +61.1^ = (8 )(l00,804)+ (10.48X82,593)+ (3.75 X67,88l)+ (61. l)(64,810) 

2 =5,886,451 kJ (Higher than 5, 857,029 kj) 

At 1980 K: 

8/7 COi +10.48/7 HiO + 3.75h 0i +61.1 h Ni = (8X99,606)+ (10.48 )(81,573)+ (3.75 )(67,127)+ (61. l)(64,090) 

2 =5,819,358 kJ (Lower than 5,857,029 kj) 

By interpolation, T P = 1991 K 
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15-76 TirTT ' Problem 15-75 is reconsidered. The effect of the relative humidity on the exit temperature of the product gases 
is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"The percent excess air and relative humidity are input by the diagram window." 

{PercentEX = 30"[%]"} 

{RelHum=60"[%]"} 

"Other input data:" 

Fuel$ = 'Octane (C8H18)' 

T fuel = (25+273) "[K]" 

Ex = PercentEX/1 00 "[%Excess air/100]" 

P_air1 = 101.3 [kPa] 

T airl =25+273 "[K]" 

RH_1 = RelHum/100 
M air = 28.97 [kg/kmol] 

M water = 18 [kg/kmol] 

M C8H 1 8=(8*12+ 1 8*1 ) "[kg/kmol]" 

"For theoretical dry air, the complete combustion equation is" 

"C8H18 + A_th(02+3.76 N2)=8 C02+9 H20 + A_th (3.76) N2 " 

A_th*2=8*2+9*1 "theoretical O balance" 

"now to find the amount of water vapor associated with the dry air" 
w_1=HUMRAT(AirH20,T=T_air1 ,P=P_air1 ,R=RH_1) "Humidity ratio, kgv/kga" 
N_w=w_1*((1+Ex)*A_th*4.76*M_air)/M_water "Moles of water in the atmoshperic air, kmol/kmol_fuel" 

"The balanced combustion equation with Ex% excess moist air is" 

"C8H18 + (1 +EX)[A_th(02+3.76 N2)+N_w H20]=8 C02+(9+N_w) H20 + (1+Ex) A_th (3.76) N2+ Ex( A_th) 02 " 
"Apply First Law SSSF" 

H fuel = -208450 [kJ/kmol] "from Table A-26" 

HR=H_fuel+ (1+Ex)*A_th*enthalpy(02,T=T_air1)+(1+Ex)*A_th*3.76 
*enthalpy(N2,T=T_air1)+N_w*enthalpy(H20,T=T_air1) 

HP=8*enthalpy(C02,T=T_prod)+(9+N_w)*enthalpy(H20,T=T_prod)+(1+Ex)*A_th*3.76* 

enthalpy(N2,T=T_prod)+Ex*A_th*enthalpy(02,T=T_prod) 

"For Adiabatic Combustion:" 

HP = HR 

"This solution used the humidity ratio form psychrometric data to determine the moles 
of water vapor in atomspheric air. One should calculate the moles of water contained 
in the atmospheric air by the method shown in Chapter 14, which uses the relative humidity 
to find the partial pressure of the water vapor and, thus, the moles of water vapor. Explore 
what happens to the results as you vary the percent excess air, relative humidity, and 
product temperature. " 


Adiabatic Flame Temperature for 30% Excess air 
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15-77 A certain coal is burned with 100 percent excess air adiabatically during a steady-flow combustion process. The 
temperature of product gases is to be determined for complete combustion and incomplete combustion cases. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 

Properties The molar masses of C, H 2 , N 2 , 0 2 , S, and air are 12, 2, 28, 32, 32, and 29 kg/kmol, respectively (Table A-l). 

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


N c 

N<32 


m 


c = 84.36 kg 
M c 12 kg/kmol 
1.89 kg 


= 7.03 kmol 


m 


H2 


M H9 2 kg/kmol 
m Q2 4.40 kg 


M 02 32 kg/kmol 
m m 0.63 kg 


= 0.945 kmol 


= 0.1375 kmol 


M N2 28 kg/kmol 
m s 0.89 kg 


= 0.0225 kmol 


M s 32 kg/kmol 


= 0.0278 kmol 


The mole number of the mixture and the mole fractions are 


84.36% C 
1.89% H 2 
4.40% 0 2 
0.63% N 2 
0.89% S 
7.83% ash 
(by mass) 


N m = 7.03 + 0.945 + 0. 1375 + 0.0225 + 0.0278 = 8. 163 kmol 


y H2 
y 02 
y N2 

^S 


N t 


N 

N 


H2 


N 


m 


N 


02 


N 


N 


m 


N2 


N 

N< 


N 


m 


7. 03 kmol =ag611 
8. 163 kmol 


0.945 kmol = an58 
8. 163 kmol 


0.1 375 kmol 
8. 163 kmol 
0.0225 kmol 
8. 163 kmol 


0.01684 

0.00276 


0.0278 kmol 
8. 163 kmol 


0.003407 



25 c 

l\ 

100% excess air 



////yy////.w/.--v 


Combustion 


chamber 




co 2 , CO, h 2 o 
so 2 , o 2 , n 2 

Tprod 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 

0.8611C + 0.1158H 2 + 0.016840 2 + 0.00276N 2 + 0.0034 IS + 2a (0 2 + 3.76N 2 ) 

>x( 0.97CO 2 + 0.03CO) + yH 2 0 + zS0 2 + kN 2 + a th 0 2 

According to the species balances, 

C balance: x = 0.8611 
H 2 balance : y = 0.1 158 
S balance: z — 0.00341 
0 2 balance : 

0.01684 + 2 a th = 0.97 x + 0.015x + 0.5y + z + a th 

a th = (0.97)(0.861 1) + (0.015)(0.861 1) + (0.5X0. 1158) + 0.00341 - 0.01684 = 0.8927 
N 2 balance: 0.00276 + 2 x 3.76a th =k >k = 0.00276 + 2 x 3.76 x 0.8927 = 6.72 
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Substituting, 

0.861 1C + 0.1158H 2 + 0.016840 2 + 0.00276N 2 + 0.003407S + 1.785(0 2 + 3.76N 2 ) 

>0.8353CO 2 + 0.0258CO + 0.1 158H 2 0 + 0.0034 1S0 2 + 6.72N 2 + 0.8927O 2 


Under steady-flow conditions the energy balance E m —E out = A E system applied on the combustion chamber with Q = W = 0 
reduces to 


N P \h°f +h —h° 




R yh° f +h~h° 


R 




p \h j +h—h 


-z> 


R^f,R 


From the tables, 


Substance 

hf 

kJ/kmol 

^298K 

kJ/kmol 

o 2 

0 

8682 

n 2 

0 

8669 

h 2 o (g) 

-241,820 

9904 

CO 

-110,530 

8669 

co 2 

-110,530 

8669 


Thus, 

(0.8353)(- 393,520 + h CQ2 - 9364) +(0.0258)(-l 10,530 + /7 co - 8669)+ (0.1158)(- 241,820 + h mo -9904) 
+ (0.8927 )(o + h Q2 - 8682) + (6.72 )(o + h m - 8669 )= 0 

It yields 

0.8353 h,QQ2 + 0.025 8/i co +0.1 158/zjj2Q + 0.8927/iq 2 + 6.72/z^ = 434,760 kJ 


The product temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right-hand side 
of the equation by the total number of moles, which yields 

434,760/(0.8353+0.0258+0.1158+0.00341+6.72+0.8927) = 50,595 kJ/kmol. 

This enthalpy value corresponds to about 1600 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 
1600 K, but somewhat under it because of the higher specific heat of H 2 0. 

At 1500 K: 

0.8353 /z C q 2 + 0.025 8/r co +0.1 158 /z^ 2 q + 0.9095 /zq 2 + 6.842/r^ 

= (0.8353)(71,078) + (0.0258)(47,517) + (0.1158)(57,999) + (0.8927)(49,292) + (6.72)(47,073) 

= 427,647 kJ (Lower than 434,760 kJ) 

At 1520 K: 

0.8353/r CO2 + 0.0258 Hqq +0.1 158/z^ 2 q + 0.9095 /zq 2 + 6. 842/zj s j 2 

= (0.8353)(72,246) + (0.0258)(48,222) + (0.1 158)(58,942) + (0.8927)(50,024) + (6.72)(47,771) 

= 434,094 kJ (Lower than 434,760 kJ) 


By extrapolation, T P = 1522 K = 1249°C 

We repeat the calculations for the complete combustion now: 

The combustion equation in this case may be written as 

0.8611C + 0.1158H 2 +0.016840 2 +0.00276N 2 + 0.0034 IS + 2a th (0 2 +3.76N 2 ) 

>xC0 2 + yH 2 0 + zS0 2 + kN 2 + a th ®2 

According to the species balances, 
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C balance: x = 0.8611 
H 2 balance : y = 0.1 158 
S balance: z = 0.00341 
0 2 balance : 

0.01684 + 2a th = x + 0.5 y + z + a th >a th = 0.861 1 + (0.5)(0.1 158) + 0.00341 - 0.01684 - 0.9056 

N 2 balance : 0.00276 + 2 x 3.76 a th = k >k = 0.00276 + 2 x 3.76 x 0.9056 = 6.81 

Substituting, 

0.861 1C + 0.1158H 2 + 0.016840 2 + 0.00276N 2 + 0.003407S + 1.819(0 2 + 3.76N 2 ) 

>0.861 1C0 2 +0.1 158H 2 0 + 0.00341S0 2 +6.81N 2 +0.90560 2 


Under steady-flow conditions the energy balance E m —E 0 ut = AE system applied on the combustion chamber with Q = W= 0 
reduces to 


N P (h j + h —h° 




R \hj- +h —h 


R 


I* 


pyh} +h~h° 


P 




R^f,R 


From the tables, 


Thus, 


Substance 


hf 

kj/kmol 


^298K 

kj/kmol 


0 2 0 8682 

N 2 0 8669 

H 2 0 (g) -241,820 9904 

CO -110,530 8669 

C0 2 0 8682 


(0.861 1)(- 393,520 + h CQ2 - 9364)+ (0.1158)(- 241,820 + h mo -9904) 
+ (0.9056)(o + h Q2 - 8682) + (6.8 l)(o + /7 N2 - 8669) = 0 


It yields 


0.861 l/i C02 + 0. 1 l58h mo + 0.9056 h Q2 + 6Mh N2 = 442,971 kJ 


The product temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right-hand side 
of the equation by the total number of moles, which yields 

442,97 1/(0.861 1+0. 1158+0.00341+6.8 1+0.9056) = 50,940 kJ/kmol. 

This enthalpy value corresponds to about 1600 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 
1600 K, but somewhat under it because of the higher specific heat of H 2 0. 

At 1500 K: 

0.861 lh CQ2 + 0.1158/r H2O + 0.9056 h 02 + 6.81/r N2 
= (0.861 1)(7 1,078) + (0.1 158)(57,999) + (0.9056)( 49,292) + (6.81)(47,073) 

= 433,128 kJ (Lower than 442,97 1 kJ) 

At 1520 K: 

0.861 lh CQ2 + 0.1158/r H2O + 0.9056 h Q2 + 6.81/r N2 

= (0.8611)(72,246) + (0.1 158)(58,942) + (0.9056)(50,024) + (6.81)(47,771) 

= 439,658 kJ (Lower than 442,97 1 kJ) 


By extrapolation, T P = 1530 K = 1257°C 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



15-67 


15-78 A mixture of hydrogen and the stoichiometric amount of air contained in a constant-volume tank is ignited. The final 
temperature in the tank is to be determined. 

Assumptions 1 The tank is adiabatic. 2 Both the reactants and products are ideal gases. 3 There are no work interactions. 4 
Combustion is complete. 


Analysis The combustion equation of H 2 with stoichiometric amount of air is 

H 2 + 0.5(0 2 + 3.76N 2 ) » H 2 0 + 1 .88N 2 

The final temperature in the tank is determined from the energy balance relation 
E [n -E out = AE system for reacting closed systems under adiabatic conditions (£2 = 0) 

with no work interactions (W = 0), 

^N P (h}+h-h°- =Y J N *^}+h- h° - Pv) R 



Since both the reactants and the products behave as ideal gases, all the internal energy and enthalpies depend on temperature 
only, and the Pi 7 terms in this equation can be replaced by R U T. 

It yields 

Tp{hf +h Tp ~/?298k ~RuT) p = 


since the reactants are at the standard reference temperature of 25°C. From the tables, 


Thus, 


Substance 


h f ° 

kj/kmol 


H 2 

0 2 

N 2 

h 2 0 (g) 


0 

0 

0 

-241,820 


1*298 K 

kj/kmol 

8468 

8682 

8669 

9904 


(l)(- 241,820 + /%, 0 -9904-8.314xr p )+(l.88)(o + V -8669-8.314xr p ) 

= (l)(0 - 8.3 14 x 298)+ (0.5X0 - 8.3 14 x 298) + (l.88)(0- 8.3 14x298) 


It yields 


h Hl o + 1.88 h N2 - 23.94 x T P = 259,648 kJ 


The temperature of the product gases is obtained from a trial and error solution, 

At 3050 K: /%, 0 +1.88/%, -23.94x7> = (l)(l39,05l)+(l.88Xl03,260)-(23.94)(3050) 

= 260,163 kJ (Higher than 259,648 kj) 

At 3000 K: /%, 0 +1.88/%, -23.94xT P = (lXl36,264) + (l.88)(l01,407)-(23.94X3000) 

= 255,089 kJ (Lower than 259,648 kj) 


By interpolation, 

T P = 3045 K 
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15-79 Methane is burned with 200 percent excess air adiabatically in a constant volume container. The final pressure and 
temperature of product gases are to be determined. 

Assumptions 1 Air and combustion gases are ideal gases. 3 Kinetic and potential energies are negligible. 4 There are no 
work interactions. 5 The combustion chamber is adiabatic. 

Analysis The combustion equation is 

CH 4 +3a th [0 2 +3.76N 2 ] »C0 2 +2H 2 0 + 3a th x3.76N 2 +2a th 0 2 

where a { h is the stoichiometric coefficient and is determined from the 0 2 balance, 


3^7^ — 1 + 1 + 2a th 


> a th = 2 


Substituting, 



CH 4 +6[o 2 +3.76N 2 ] >C0 2 +2H 2 0 + 22.56N, +40 2 

For this constant- volume process, the energy balance E [n —E 0 ut = AE system applied on the combustion chamber with 
Q = W = 0 reduces to 

X N P fc + h - h ' ’ - pu) p = 2 N r (h° f + h - h° - pu) r 

Since both the reactants and products are assumed to be ideal gases, all the internal energy and enthalpies depend on 
temperature only, and the Pv terms in this equation can be replaced by R U T. It yields 


X! Np V* 


7 


+ h —h° -R..T 




7 


+ h -h° —R..T 


R 


From the tables, 

Substance 


hf 

kj/kmol 


^298K 

kj/kmol 


CH 4 (g) 

0 2 

n 2 

h 2 o (g) 

co 2 


-74,850 

0 

0 

-241,820 

-393,520 


8682 

8669 

9904 

9364 


Thus, 


;i)t- 393,520 + h CQ2 -9364 - 8.314 x T p )+ (2)(- 241,820 + h mo - 9904 - 8.314 x T p 
+ (4)(o + h Q2 - 8682 - 8.314 x T p ) + (22.56)(o + h m - 8669 - 8.314 x T p ) 

= (l)(- 74,850 - 8.314 x 298) + (6)(0 - 8.3 14 x 298) + (22.56)(— 8.3 14 x 298) 

It yields h CQ2 + 2 h mo + 4/i Q 2 + 22.56 h N2 ~ 245.8 T p = -148,087 + 1,136,633 =988,546 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess may be obtained by assuming all 
the products are nitrogen and using nitrogen enthalpy in the above equation. That is, 

29.56/7 N2 -245.8 T p = 988,546 kJ 

An investigation of Table A- 18 shows that this equation is satisfied at a temperature close to 1460 K but it will be somewhat 
under it because of the higher specific heat of H 2 0. 

(64,1 16) + (2)(52,434) + (4)(44,923) + (22.56)(42,915) - (245.8)(1380) = 977,634 

(Lower than 988,546 kJ) 

(65,271) + (2)(53,351) + (4)(45,648) + (22.56)(43,605) - (245.8)(1400) = 994,174 

(Higher than 988,546 kJ) 

By interpolation, T P = 1393 K 

The volume of reactants when 1 kmol of fuel is burned is 

C'-iW -(*« + ^,,M. q + 28 . 56)tool /^ 1 4 l d/ ltm orK,(298 K , ^ m0m3 


At 1380 K: 


At 1400 K: 


P 


The final pressure is then 

R..T 




1/ 


= (29.56 kmol) 


(8.3 14 kJ/kmol • K)( 1393 K) 
723.0m 3 


101.3kPa 


474kPa 
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Entropy Change and Second Law Analysis of Reacting Systems 


15-69 


15-80C Assuming the system exchanges heat with the surroundings at To, the increase-in-entropy principle can be 
expressed as 

Sgen = X N P*P ~ Z N &* + ^ 


15-81C By subtracting R\n(P/Po) from the tabulated value at 1 atm. Here P is the actual pressure of the substance and P 0 is 
the atmospheric pressure. 


15-82C It represents the reversible work associated with the formation of that compound. 
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15-83 Liquid octane is burned steadily with 50 percent excess air. The heat transfer rate from the combustion chamber, the 
entropy generation rate, and the reversible work and exergy destruction rate are to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Analysis {a) The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and 
some free 0 2 . Considering 1 kmol C 8 H J8 , the combustion equation can be written as 

C 8 H 18 (^)+1.5fl th (0 2 +3.76N 2 ) >8CO z +9H 2 O + 0.5fl th O 2 +(l.5X3.76)n th N 2 

where a t h is the stoichiometric coefficient and is determined from the 0 2 balance, 

1.5a th = 8 + 4.5 + 0.5a th » a th =12.5 


Thus, 


C 8 H 18 (^)+18.75(0 2 +3.76N 2 ) » 8C0 2 +9H,0 + 6.250 2 +70.5N 2 

Under steady-flow conditions the energy balance E in - E out = A£ system applied on the combustion chamber with W = 0 
reduces to 


-Gout =2^ 


hi +h-h 


P X f 




h f +h-h 


R 


=E a/ ^-E /V 


R^f,R 


since all of the reactants are at 25°C. Assuming the air and the combustion products to be ideal gases, we have h = h(T). 
From the tables, 


hf 


Substance 

kJ/kmol 

C 8 H 18 (£) 

-249,950 

o 2 

0 

n 2 

0 

h 2 o (0 

-285,830 

co 2 

-393,520 


T 0 = 298 K 
C 8 H 18 (£) 


25 °C 
Air 

50% excess air 
25°C 


Q 

/L 


Combustion 

chamber 


Products 

25°C 


Substituting, 

-Q out = (8 )(-393.520) + (9 )(-285.830 ) + 0 + 0 - (l )(-249.95() ) - 0 - 0 = -5,470,680 kJ/kmolof C 8 H 18 or 


or 


Q out = 5,470,680 kJ/kmol of C 8 H 18 
The C 8 H 18 is burned at a rate of 0.25 kg/min or 
m 0.25 kg/min 


N = 


M [(8)(l 2) + (l 8)(l )] kg/kmol 


2.193xl0 -3 kmol/min 


Thus, 

GoL,t = A '0„ui = ( 2 . 193x 1 0 3 kmol/min](5,470,680 kJ/kmol) = 11,997 kj/min 

The heat transfer for this process is also equivalent to the enthalpy of combustion of liquid C 8 Hj 8 , which could easily be de 
determined from Table A-27 to be h c = 5,470,740 kJ/kmol C 8 Hi 8 . 

( b ) The entropy generation during this process is determined from 


‘Sgen - S P S R + 


a 


out 


T 


^gen _ JpSp ^N r S r + 


a 


out 


sun - 


T 


sun - 
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The CgHig is at 25°C and 1 atm, and thus its absolute entropy is s c H = 360.79 kJ/kmol.K (Table A-26). The entropy 

8 AA 1 8 

values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total pressure of 1 atm, 
but the entropies are to be calculated at the partial pressure of the components which is equal to P- t = y x P io ta i, where y x is the 
mole fraction of component i. Also, 

Si = N& (r, P t ) = N f fa (T, P q )- R u \n{y i P m )) 

The entropy calculations can be presented in tabular form as 



Nj 

yi 

Sj° (T,latm) 

R u in(yiPm) 

NiSi 

c 8 h 18 

1 

1.00 

360.79 

— 

360.79 

o 2 

18.75 

0.21 

205.14 

-12.98 

4089.75 

n 2 

70.50 

0.79 

191.61 

-1.96 

13646.69 

S r = 18,097.23 kJ/K 

co 2 

8 

0.0944 

213.80 

-19.62 

1867.3 

h 2 o (l) 

9 

— 

69.92 

— 

629.3 

o 2 

6.25 

0.0737 

205.04 

-21.68 

1417.6 

N 2 

70.50 

0.8319 

191.61 

-1.53 

13,616.3 


= 17,531 kJ/K 


Thus, 

£> 5,470,523 kJ 

S' =S p -S R + = 17 , 53 1 - 18,097 + = 17,798 kJ/kmol- K 

8 r suiT 298 K 

and 

Sgen = A/.S'„ en =(2.193x10 3 kmol/min)(l7,798 kJ/kmol- K)= 39.03 kJ/min-K 
(c) The exergy destruction rate associated with this process is determined from 

^destroyed = 7 o^gen =(298 KX39.03 kj/min • K)= 1 1,632 kJ/min = 193.9 kW 
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15-84E Benzene gas is burned steadily with 90 percent theoretical air. The heat transfer rate from the combustion chamber 
and the exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and the combustion gases are ideal gases. 3 Changes in kinetic and 
potential energies are negligible. 


Analysis (a) The fuel is burned with insufficient amount of air, and thus the products will contain some CO as well as C0 2 , 
H 2 0, and N 2 . The theoretical combustion equation of C6H 6 is 


C 6 H 6 + a th (0 2 + 3.76N 2 ) »6C0 2 + 3H 2 0 + 3.76a th N 2 

where a th is the stoichiometric coefficient and is determined from the 
0 2 balance, 

a t h = 6 + 1.5 = 7.5 


c 6 h 6 

► 

77°F 


Air 

90% theoretical 


/ 

Combustion 

chamber 


Products 

► 


1900 R 


Then the actual combustion equation can be written as 


77°F 


C 6 H 6 +(0.90X7. 5^0 2 +3.76N 2 ) >aC0 2 + (6-x)C0 + 3H 2 0 + 25.38N 2 


The value of x is determined from an 0 2 balance, 

(0.90X7.5) = x + (6 - x)/2 + 1.5 » JC = 4.5 

Thus, 


C 6 H 6 +6.75(o 2 +3.76N 2 ) >4.5C0 2 +1.5C0 + 3H 2 0 + 25.38N 2 

Under steady-flow conditions the energy balance E m - E out = A E system applied on the combustion chamber with W — 0 
reduces to 


-Q OM =Yj N ^ i f +h - h °)p-Yj N ^ i f +h - h °) R =lL N ^ i f +h - h °)p-Yj N 


R^f,R 


since all of the reactants are at 77°F. Assuming the air and the combustion products to be ideal gases, we have h = h(T). 
From the tables, 


Substance 

hf 

Btu/lbmol 

^537R 

Btu/lbmol 

hl900R 

Btu/lbmol 

c 6 h 6 (g) 

35,680 

— 

— 

o 2 

0 

3725.1 

14.322 

n 2 

0 

3729.5 

13,742 

h 2 o (g) 

-104,040 

4258.0 

16,428 

CO 

-47,540 

3725.1 

13,850 

co 2 

-169,300 

4027.5 

19,698 


Thus, 

- Q out = (4.5X- 169,300 + 19,698 - 4027.5)+ (l.5)(- 47,540 + 13,850 - 3725.1) 

+ (3)(- 104.040 + 16.428 - 4258) + (25.38)(0 + 13,742 - 3729.5) - (l)(35,680) -0-0 

= -804,630Btu/lbmol of C 6 H 6 

(< b ) The entropy generation during this process is determined from 

Sgen = S P ~S R + f^ = ^NpS P -X^ + f^ 

■*surr -^surr 
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The C 6 H 6 is at 77°F and 1 atm, and thus its absolute entropy is s C u = 64.34 Btu/lbmolR (Table A-26E). The entropy 

values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total pressure of 1 atm, 
but the entropies are to be calculated at the partial pressure of the components which is equal to P ( = P total , where is the 
mole fraction of component /. Also, 

S l =N l s l (T,P l )=N l (s°(T,P () )-R u ln(>-.Pj) 

The entropy calculations can be presented in tabular form as 



Ni 

yi 

Sj° (T,latm) 

R„in(yiPm) 

NjSj 

c 6 H 5 

1 

1.00 

64.34 

— 

64.34 

o 2 

6.75 

0.21 

49.00 

-3.10 

351.68 

n 2 

25.38 

0.79 

45.77 

-0.47 

1173.57 





Sr 

= 1589.59 Btu/R 

co 2 

4.5 

0.1309 

64.999 

-4.038 

310.67 

CO 

1.5 

0.0436 

56.509 

-6.222 

94.10 

H 2 o (g) 

3 

0.0873 

56.097 

-4.843 

182.82 

n 2 

25.38 

0.7382 

54.896 

-0.603 

1408.56 


= 1996.15 Btu/R 


Thus, 

S sen =S P -S R + ^ = 1996.15 - 1589.59 + 804,630 = 1904.9 Btu/R 

gen r n ^ 

i sun - Do I 

Then the exergy destroyed is determined from 

^destroyed = ^gen = (537 R)(l904.9 Btu/lbmol- R)= 1,022, 950Btu/R (per lbmol C 6 H 6 ) 
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15-85 Liquid propane is burned steadily with 150 percent excess air. The mass flow rate of air, the heat transfer rate 
from the combustion chamber, and the rate of entropy generation are to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Properties The molar masses of C^Hg and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and 
some free 0 2 . Considering 1 kmol of CsH 8 , the combustion equation can be written as 

C 3 Hg(4+ 2-5fl th (0 2 + 3.76N 2 ) >3C0 2 + 4H 2 0 + 1.5a th 0 2 + (2.5X3.76>i th N 2 

where a th is the stoichiometric coefficient and is determined from the 0 2 balance, 


2.5a th = 3 + 2 + 1.5 a th 
Substituting, 


= 5 


C 3 H+)+12.5(0 2 +3.76N 2 ) >3C0 2 +4H 2 0 + 7.50 2 +47N 2 

The air-fuel ratio for this combustion process is 

(l 2. 5 x 4.76 kmolX29 kg/kmol) 


AF = 


air 


m fuei (3 kmol)(l2 kg/kmol) + (4 kmol)(2 kg/kmol) 


= 39.2 kg air/kg fuel 


Thus, 

m air = (AFX^fuei ) = (39. 2 kg air/kg fuel Xo. 4 kg fiiel/min ) = 15.7 kg air/min 

( b ) Under steady-flow conditions the energy balance E m - E ou{ = AE system applied on the combustion chamber with W = 0 
reduces to 

- a™, = +Ti ~ Ti \ - 2 + /T - h°l 

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, (The h f of liquid 
propane is obtained by adding the hj g at 25°C to h° t of gaseous propane). 


Substance 

hf 

kJ/kmol 

^285 K 

kJ/kmol 

^298 K 

kJ/kmol 

hl200 K 

kJ/kmol 

C 3 H 8 (0 

-118,910 

— 

— 

— 

o 2 

0 

8296.5 

8682 

38,447 

n 2 

0 

8286.5 

8669 

36,777 

h 2 o (g) 

-241,820 

— 

9904 

44,380 

co 2 

-393,520 

— 

9364 

53,848 


Thus, 

-Q oat = (3)(-393,520 + 53,848 -9364)+ (4X-241, 820 + 44,380-9904) 

+ (7.5X0 + 38,447 - 8682)+ (47 XO + 36,777 - 8669)- (U- 1 1 8,9 10 + /i, 98 - /i, 9S ) 

- (l 2.5X0 + 8296.5 - 8682) - (47)(0 + 8286.5 - 8669 ) 

= -190,464 kJ/kmol of C 3 H 8 

Thus 190,464 kJ of heat is transferred from the combustion chamber for each kmol (44 kg) of propane. This corresponds to 
190,464/44 = 4328.7 kJ of heat transfer per kg of propane. Then the rate of heat transfer for a mass flow rate of 0.4 kg/min 
for the propane becomes 
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(2out - mom = (0.4 kg/min)(4328.7 kJ/kg) = 1732 kj/min 
(c) The entropy generation during this process is determined from 

S ge „ = S P - S R + = Y^NpSp - J^NrSr + 

* surr surr 


The C 3 H 8 is at 25°C and 1 atm, and thus its absolute entropy for the gas phase is s c H = 269.91 kJ/kmol K (Table A-26). 

3 8 

Then the entropy of C 3 H 8 (-0 is obtained from 


5 c 3 h 8 00= 5 c,h« (§) 




s f g ~ • s, c 3 h 8 


(g) 


h 


f8 = 269.91- 15,060 = 219.4 kJ/kmol- K 


T 


298.15 


The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P { = y x 
P total? where y, is the mole fraction of component i. Then, 

S i =N i s i (T,P i )=N i (s°(T,P 0 )-R u In(>-.PJ) 

The entropy calculations can be presented in tabular form as 



Nj 

yi 

s^Tjlatm) 

R>(yiP m ) 

NjS, 

c 3 h 8 

1 

— 

219.40 

— 

219.40 

o 2 

12.5 

0.21 

203.70 

-12.98 

2708.50 

n 2 

47 

0.79 

190.18 

-1.96 

9030.58 





Sr 

= 1 1,958.48 kJ/K 

co 2 

3 

0.0488 

279.307 

-25.112 

913.26 

h 2 o (g) 

4 

0.0650 

240.333 

-22.720 

1052.21 

o 2 

7.5 

0.1220 

249.906 

-17.494 

2005.50 

n 2 

47 

0.7642 

234.115 

-2.236 

11108.50 


= 15,079.47 kJ/K 


Thus, 


O 1 90 464 

S gen = S P -S R + = 15,079.47 - 1 1,958.48 + = 3760. 1 kJ/K (per kmol C 3 H 8 ) 

T„„„. 298 


sun- 


Then the rate of entropy generation becomes 


c — 

°gen 




gen 


^0.4 . N 

kmol/min 


44 


(3760. 1 kJ/kmol - K) = 34.2 kj/min • K 


J 
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15-86 

to be studied. 


Problem 15-85 is reconsidered. The effect of the surroundings temperature on the rate of exergy destruction is 


Analysis The problem is solved using EES, and the solution is given below. 


Fuel$ = 'Propane (C3H8)_liq' 

T_fuel = (25 + 273.15) "[K]" 

P_fuel = 101.3 [kPa] 

m_dot_fuel = 0.4 [kg/min]*Convert(kg/min, kg/s) 

Ex = 1.5 "Excess air" 

P_air= 101.3 [kPa] 

T_air = (12+273.15) "[K]" 

T_prod = 1200 [K] 

P_prod = 101.3 [kPa] 

Mw_air = 28.97 "lbm/lbmol_air" 

Mw_C3H8=(3*1 2+8*1 ) "kg/kmol_C3H8" 

{TsurrC = 25 [C]} 

T surr = TsurrC+273.15 "[K]" 

"For theoretical dry air, the complete combustion equation is" 

"C3H8 + A_th(02+3.76 N2)=3 C02+4 H20 + A_th (3.76) N2 " 

2*A_th=3*2+4*1 "theoretical O balance" 

"The balanced combustion equation with Ex%/100 excess moist air is" 

"C3H8 + (1 +EX)A_th(02+3.76 N2)=3 C02+ 4 H20 + (1+Ex) A_th (3.76) N2+ Ex( A_th) 02 " 

"The air-fuel ratio on a mass basis is:" 

AF = (1+Ex)*A_th*4.76*Mw_air/(1*Mw_C3H8) "kg_air/kg_fuel" 

"The air mass flow rate is:" 
m dot air = m dot fuel * AF 

"Apply First Law SSSF to the combustion process per kilomole of fuel:" 

EJn - E_out = DELTAE_cv 
EJn =HR 

"Since EES gives the enthalpy of gasesous components, we adjust the 
EES calculated enthalpy to get the liquid enthalpy. Subtracting the enthalpy 
of vaporization from the gaseous enthalpy gives the enthalpy of the liquid fuel. 
h_fuel(liq) = h_fuel(gas) - h_fg_fuel" 
h fg fuel = 15060 "kJ/kmol from Table A-27" 

HR = 1*(enthalpy(C3H8, T=T_fuel) - h_fg_fuel)+ (1+Ex)*A_th*enthalpy(02,T=T_air)+(1+Ex)*A_th*3.76 
*enthalpy(N2,T =T_air) 

E_out = HP + Q_out 

HP=3*enthalpy(C02,T=T_prod)+4*enthalpy(H20,T=T_prod)+(1+Ex)*A_th*3.76* 

enthalpy(N2,T=T_prod)+Ex*A_th*enthalpy(02,T=T_prod) 

DELTAE_cv = 0 "Steady-flow requirement" 

"The heat transfer rate from the combustion chamber is:" 

Q_dot_out=Q_out"kJ/kmol_fuel7(Mw_C3H8"kg/kmoLfuer)*m_dot_fuerkg/s" "kW" 

"Entopy Generation due to the combustion process and heat rejection to the surroundings:" 

"Entopy of the reactants per kilomole of fuel:" 

P_02_reac= 1/4.76*P_air "Dalton's law of partial pressures for 02 in air" 
s_02_reac=entropy(02,T=T_air,P=P_02_reac) 

P_N2_reac= 3.76/4.76*P_air "Dalton's law of partial pressures for N2 in air" 
s_N2_reac=entropy(N2,T=T_air,P=P_N2_reac) 
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s_C3H8_reac=entropy(C3H8, T=T_fuel,P=P_fuel) - s_fg_fuel "Adjust the EES gaseous value by s_fg" 
"For phase change, s_fg is given by:" 
s_fg_fuel = h_fg_fuel/T_fuel 

SR = 1*s_C3H8_reac + (1+Ex)*A_th*s_02_reac + (1+Ex)*A_th*3.76*s_N2_reac 
"Entopy of the products per kilomle of fuel:" 

"By Dalton's law the partial pressures of the product gases is the product 
of the mole fraction and P_prod" 

N prod = 3 + 4 + (1+Ex)*A_th*3.76 + Ex*A_th "total kmol of products" 

P_02_prod = Ex*A_th/N_prod*P_prod "Patrial pressure 02 in products" 
s_02_prod=entropy(02,T=T_prod,P=P_02_prod) 

P_N2_prod = (1 +Ex)*A_th*3.76/N_prod*P_prod "Patrial pressure N2 in products" 
s_N2_prod=entropy(N2,T=T_prod,P=P_N2_prod) 

P_C02_prod = 3/N_prod*P_prod "Patrial pressure C02 in products" 
s_C02_prod=entropy(C02, T=T_prod,P=P_C02_prod) 

P_H20_prod = 4/N_prod*P_prod "Patrial pressure H20 in products" 
s_H20_prod=entropy(H20, T=T_prod,P=P_H20_prod) 

SP = 3*s_C02_prod + 4*s_H20_prod + (1+Ex)*A_th*3.76*s_N2_prod + Ex*A_th*s_02_prod 

"Since Q_out is the heat rejected to the surroundings per kilomole fuel, 
the entropy of the surroundings is:" 

S_surr = Q_out/T_surr 

"Rate of entropy generation:" 

S_dot_gen = (SP - SR +S_surr)"kJ/kmol_fuel7(Mw_C3H8 "kg/kmol_fuel")*m_dot_fuel"kg/s" "kW/K" 
X_dot_dest = T_surr*S_dot_gen"[kW]" 



TsurrC 

Xdest 

[C] 

[kW] 

0 

157.8 

4 

159.7 

8 

161.6 

12 

163.5 

16 

165.4 

20 

167.3 

24 

169.2 

28 

171.1 

32 

173 

36 

174.9 

38 

175.8 
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15-87 Liquid octane is burned steadily with 70 percent excess air. The entropy generation and exergy destruction per unit 
mass of the fuel are to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Properties The molar masses of C 8 Hi 8 and air are 114 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and some 
free 0 2 . Considering 1 kmol C 8 H J8 , the combustion equation can be written as 

C 8 H 18 (0+1.7fl th (O 2 + 3.76N 2 ) >8C0 2 + 9H 2 0 + 0.7 flth 0 2 +(l.7X3.76)ft th N 2 

where a th is the stoichiometric coefficient and is 

determined from the 0 2 balance, 8 18 ^ 

25°C 

1.70* = 8 + 4.5 + 0.70* > a th =12.5 

Air 

Thus, ► 

70% excess air 

C 8 H 18 (/)+21.25(0 2 + 3.76N 2 ) » 8C0 2 +9H 2 0 + 8.750, + 79.9N, 600 K 

( b ) Under steady-flow conditions the energy balance E- m -E oui = AE system applied on the combustion chamber with W= 0 
reduces to 

-am = +/7 - /? )« 

Assuming the air and the combustion products to be ideal gases, we have h = h{T). From the tables, 


Combustion 

chamber 


Products 
1340 K 


Substance 

h; 

kJ/kmol 

^298K 

kJ/kmol 

heooK 

kJ/kmol 

hl340K 

kJ/kmol 

C 8 H 18 (£) 

-249,950 

— 

— 

— 

o 2 

0 

8682 

17.929 

43.475 

n 2 

0 

8669 

17,563 

41,539 

h 2 o (g) 

-241,820 

9904 

— 

50,612 

co 2 

-393,520 

9364 

— 

61,813 


Thus, 

- g out = (8)(- 393,520 + 61,813 - 9364)+ (9 )(- 241,820 + 50,612 - 9904) 

+ (8.75 )(0 + 43,475 - 8682) + (79.9)(0 + 41,539 - 8669) - (l)(- 249,950) 

- (2 1 .25 X0 + 1 7,929 - 8682) - (79.9 )(0 + 1 7,563 - 8669 ) 

= -2,265,004 kJ/kmol of C 8 H 18 

The entropy generation during this process is determined from 

+„ =s P -s R +^ = L++ + 

* surr sun - 

The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of P m = 600 kPa (=600/101.325=5.92 atm), but the entropies are to be calculated at the partial pressure of the 
components which is equal to P { = y x P to Vdh where y x is the mole fraction of component i. Then, 

S i =N i s i {T,P i ) = N i (s;{T,P 0 )-R u ln(>-,Pj) 
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The entropy calculations can be presented in tabular form as 



N, 

yi 

s/ (T,latm) 

R>(yi p m) 

NiSi 

c 8 h 18 

1 

— 

466.73 

14.79 

451.94 

o 2 

21.25 

0.21 

226.35 

1.81 

4771.48 

n 2 

79.9 

0.79 

212.07 

12.83 

15,919.28 





Sr 

= 21,142.70 kJ/K 

co 2 

8 

0.0757 

292.11 

-6.673 

2390.26 

h 2 o (g) 

9 

0.0852 

250.45 

-5.690 

2305.26 

o 2 

8.75 

0.0828 

257.97 

-5.928 

2309.11 

n 2 

79.9 

0.7563 

241.77 

12.46 

18,321.87 


= 25,326.50 kJ/K 


Thus, 


5 n = S P - S R + = 25,326.50 - 21,142.70 + 2,265,004 

6 T sun 298 


11,784.5 kJ/K (per kmolC 8 H 18 ) 


The exergy destruction is 

X dest = T 0 s gen = (298X1 1,784.5 kJ/K) = 3,5 1 1,776 kJ/K (per kmol C 8 H 18 ) 


The entropy generation and exergy destruction per unit mass of the fuel are 



c 

^gen 

-^fuel 


1 1,784.5 kJ/K- kmol 
114 kg/kmol 


1 03.4kJ/K kg C 8 H 18 


^dest 




dest 


M 


fuel 


3,51 1,776 kJ/K- kmol 
114 kg/kmol 


30,805kJ/kgC 8 H 18 
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15-88 Methyl alcohol is burned steadily with 200 percent excess air in an automobile engine. The maximum amount of 
work that can be produced by this engine is to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Analysis The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and some 
free 0 2 . Considering 1 kmol CH 3 OH the combustion equation can be written as 


CH 3 OH + 3 a th (0 2 + 3.76N, ) 

-aC 0 2 +2H 2 0 + 2^ th 0 2 +3« th x3.76N 2 


where a th is the stoichiometric coefficient and is determined 

^ ijoul 

from the 0 2 balance, 


1 


25 °C ' 

Combustion 

0.5 + 3a th 1 + 1 + 2a ih > fl t h 

= 1.5 

Chamber 


200% excess air 


Thus, 


1 atm 


25°C ^ 

CH^OH + 4.5(0, +3.76N, ) 

>C0 9 + 2H 2 0 + 30 2 + 16.92N. 



Products 

77°C 


Under steady-flow conditions the energy balance E m - E ou[ = AE system applied on the combustion chamber with W= 0 
reduces to 

- Gout = 2 N P fc + Tl - Tl ° )p-Tj N R te + /T - /? l 
Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 

hf 

kJ/kmol 

h 2 9 8K 

kJ/kmol 

^350K 

kJ/kmol 

CH3OH 

-200,670 

— 

— 

o 2 

0 

8682 

10,213 

n 2 

0 

8669 

10,180 

h 2 o (g) 

-241,820 

9904 

11,652 

co 2 

-393,520 

9364 

11,351 


Thus, 

- Gout = (lX- 393,520 + 11.351- 9364) + (if- 24 1,820 + 1 1,652 - 9904) 

+ (3X0 + 10,21 3 - 8682) + (l 6.92X0 + 10,1 80 - 8669) - (lX~ 200,670) 

= -663,550 kJ/kmol of fuel 

The entropy generation during this process is determined from 
^gen = S P ~S R + ^ NpSp ~ ^ N r S r + 

^surr Uurr 

The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P x = y- x 
P total? where y x is the mole fraction of component i. Then, 

s, =N i s i {T,P i ) = N i (i;{T,P 0 )-R u \n(y,P m )) 
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The entropy calculations can be presented in tabular form as 



Nj 

yi 

Sj 0 (T,latm) 

RXViPm) 

NiSi 

CH 3 OH 

1 

— 

239.70 

— 

239.70 

o 2 

4.5 

0.21 

205.04 

-12.98 

981.09 

n 2 

16.92 

0.79 

191.61 

-1.960 

3275.20 

Sp = 4496 kJ/K 

co 2 

1 

0.0436 

219.831 

-26.05 

245.88 

h 2 o (g) 

2 

0.0873 

194.125 

-20.27 

428.79 

o 2 

3 

0.1309 

209.765 

-16.91 

680.03 

n 2 

16.92 

0.7382 

196.173 

-2.52 

3361.89 


S P = 4717 kJ/K 


Thus, 


s = Sp - S R + =4717 - 4496 + 663,550 = 2448 kJ/K (per kmol fiiel ) 

gcii r i\ rji 298 ' 


SUH' 


The maximum work is equal to the exergy destruction 

Wmax = ^dest = T o s S ea = (298)(2448 kJ/K) = 729,400 kJ/K (per kmol fuel ) 

Per unit mass basis, 

729,400 kJ/K- kmol 


W 

rr max 


32 kg/kmol 


= 22,794kJ/kgfuel 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



15-82 


15-89 CO gas is burned steadily with air. The heat transfer rate from the combustion chamber and the rate of exergy 
destruction are to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Properties The molar masses of CO and air are 28 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis ( a ) We first need to calculate the amount of air used per kmol of CO 
before we can write the combustion equation, 


^co - 


RT (o.2968kPa-m 3 /kg-KV310K) ^ 3/l 

= a 2 — A L = 0.836 m 7kg 

P llOkPa 




co 


0.4m 3 /min 

m co ~ ^ — 3 

^co 0.836 m 3 /kg 

Then the molar air-fuel ratio becomes 


= 0.478 kg/min 


— N • 
AF = air 


N 


fuel 


"*air /M air 
^fuel ^ fuel 


(l.5 kg/min)/ (29 kg/kmol) 
(0.478 kg/min)/ (28 kg/kmol) 


25°C 


= 3.03 kmol air/kmol fuel 



Products 

► 

900 K 


Thus the number of moles of 0 2 used per mole of CO is 3.03/4.76 = 0.637. Then the combustion equation in this case can 
be written as 


CO + 0. 637(0 2 + 3.76N 2 ) > C0 2 + 0. 1370 2 + 2.40N 2 

Under steady-flow conditions the energy balance E m - E out = AE system applied on the combustion chamber with W = 0 
reduces to 

- e ou , = +Ti ~ Ti \ - +Ti ~ Ti \ 

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 

hf 

kJ/kmol 

^298 K 

kJ/kmol 

^310 K 
kJ/kmol 

1*900 K 
kJ/kmol 

CO 

-110,530 

8669 

9014 

— 

0 2 

0 

8682 

— 

27,928 

N 2 

0 

8669 

— 

26,890 

co 2 

-393,520 

9364 

— 

37,405 


Substituting, 

-Qout = (lX-393,520 + 37,405 - 9364)+ (o. 137)(0 + 27,928 - 8682) 

+ (2.4X0 + 26,890 - 8669) - (l)(- 1 1 0,530 + 90 1 4 - 8669) - 0 - 0 
= -208,929 kJ/kmol of CO 

Thus 208,929 kJ of heat is transferred from the combustion chamber for each kmol (28 kg) of CO. This corresponds to 
208,929/28 = 7462 kJ of heat transfer per kg of CO. Then the rate of heat transfer for a mass flow rate of 0.478 kg/min for 
CO becomes 

2out - J^Zout - (0.478 kg/min)(7462 kJ/kg) = 3567 kj/min 

(b) This process involves heat transfer with a reservoir other than the surroundings. An exergy balance on the combustion 
chamber in this case reduces to the following relation for reversible work, 

^rev = X N * ( /T / + ' Tl Tl ° - T ° 4 - Z ^ fc + /7 - Tl ° - T A - Gout(l ~TJT r ) 

The entropy values listed in the ideal gas tables are for 1 atm = 101.325 kPa pressure. The entropy of each reactant and the 
product is to be calculated at the partial pressure of the components which is equal to P, = y { P t ota i, where y, is the mole 
fraction of component i, and P m = 1 10/101.325 = 1.0856 atm. Also, 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



15-83 


s, =N i s i {T,P i )=N i (s°(T,P 0 )-R u \n{y i P m )) 

The entropy calculations can be presented in tabular form as 



N, 

yi 

Sj° (T,latm) 

R u in(yiP m ) 

NjSj 

CO 

1 

1.00 

198.678 

0.68 

198.00 

o 2 

0.637 

0.21 

205.04 

-12.29 

138.44 

n 2 

2.400 

0.79 

191.61 

-1.28 

462.94 





Sr 

= 799.38 kJ/K 

co 2 

1 

0.2827 

263.559 

-9.821 

273.38 

o 2 

0.137 

0.0387 

239.823 

-26.353 

36.47 

n 2 

2.400 

0.6785 

224.467 

-2.543 

544.82 


S P = 854.67 kJ/K 


The rate of exergy destruction can be determined from 

^destroyed = ^O^gen = ^O^fcgen ^ M ) 

where 

Gout 208,929 kJ 

S' = S P - S R + - 854.67 - 799.38 + 3 16.5 kJ/kmol- K 

gen F R T res 800 K 

Thus, 

X destroyed = (298 k)( 0.478 kg/minX3 16.5/28 kJ/kmol • K) = 1610 kj/min 
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15-90 Acetylene gas is burned steadily with 20 percent excess air. The temperature of the products, the total entropy 
change, and the exergy destruction are to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and 
some free 0 2 . Considering 1 kmol C 2 H 2 , the combustion equation can be written as 


C 2 H 2 (g)+1.2«Jo 2+ 3.76N 2 ) >2C0 2 +H 2 O + 0.2« th O 2 + (l.2X3.76>i th N 2 

where a th is the stoichiometric coefficient and is determined from the 0 2 balance, 

\.2a th = 2 + 0.5 + 0.2a th » a th = 2.5 

C 2 H 2 

Substituting, — — 


C 2 H 2 (g)+3(0 2 +3.76N 2 ) > 2C0 2 +H 2 O + 0.5O 2 +11.28N 2 

Under steady-flow conditions the exit temperature of the product gases 
can be determined from the energy balance E in - E oul - A E system 

applied on the combustion chamber, which reduces to 

- Gout = (a; +h- h°) p ~Y,N R h}, R = + /T 


Air 

20% excess air 
25 °C 





2 


300,000 kJ/kmol 

* 

Combustion Produ cts 
chamber r 

1 p 


since all the reactants are at the standard reference state, and h ^ =0 for 0 2 and N 2 . From the tables, 


Substance 



kJ/kmol 


^298 K 

kJ/kmol 


c 2 h 2 (g) 

226,730 

— 

o 2 

0 

8682 

n 2 

0 

8669 

h 2 o (g) 

-241,820 

9904 

co 2 

-393,520 

9364 


Substituting, 

- 300,000 = (2)(- 393,520 + /7 ca - 9364)+ (l)(- 241,820 + h HiQ - 9904) 

+ (0.5)(o + h Qi - 8682)+ (l 1 .28)(o + /z No -8669)- (lX226,730) 


or, 


2/*co, +Vo+°- 5 V +H-28V = 1,086,349 kJ 

By trial and error, 

T P = 2062.1 K 


(b) The entropy generation during this process is determined from 
^gen = S P - S R + out = ^^NpSp - ^^NpSp + out 

* SUIT * SUIT 

The C 2 H 2 is at 25°C and 1 atm, and thus its absolute entropy is s c oHo = 200.85 kJ/kmol- K (Table A-26). The entropy 

values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total pressure of 1 atm, 
but the entropies are to be calculated at the partial pressure of the components which is equal to P, = y- x P to tai, where y x is the 
mole fraction of component i. Also, 
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Si = NfSi (T, fi) = Nj (s? (r, P 0 ) - R u \n{y i P m )) 

The entropy calculations can be presented in tabular form as 



Nj 

yi 

Sj° (T,latm) 

R>(yiP ra ) 

NiSi 

c 2 h 2 

1 

1.00 

200.85 

— 

200.85 

o 2 

3 

0.21 

205.03 

-12.98 

654.03 

n 2 

11.28 

0.79 

191.502 

-1.96 

2182.25 





Sr = 

3037.13 kJ/K 

co 2 

2 

0.1353 

311.054 

-16.630 

655.37 

h 2 o 

1 

0.0677 

266.139 

-22.387 

288.53 

o 2 

0.5 

0.0338 

269.810 

-28.162 

148.99 

N 2 

11.28 

0.7632 

253.068 

-2.247 

2879.95 


Sp = 3972.84 kJ/K 


Thus, 


^ gen - Sp Sr 


Qsun- = 3972 84 _ 3037. 13 + +3QQ ’ QQQkJ = 1942 .4 kj/kmol • K 


T. 


SUIT 


298 K 


(c) The exergy destruction rate associated with this process is determined from 




destruction 


= TijSgen = (298 K)(l942.4 kJ/kmol- K) = 578,835 kj (per kmol C 2 H 2 ) 
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Review Problems 


15-91 A sample of a certain fluid is burned in a bomb calorimeter. The heating value of the fuel is to be determined. 

Properties The specific heat of water is 4.18 kJ/kg.°C (Table A-3). 

Analysis We take the water as the system, which is a closed 
system, for which the energy balance on the system 
E m - E oui = A Zs system with W = 0 can be written as 

On = A U 
or 

Qin = mcAT 

= (2 kg)(4. 1 8 kJ/kg • °CX 2 - 5 ° C ) 

= 20.90 kJ (per gram of fuel ) 

Therefore, heat transfer per kg of the fuel would be 20,900 
kJ/kg fuel. Disregarding the slight energy stored in the gases 
of the combustion chamber, this value corresponds to the 
heating value of the fuel. 
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15-92 The composition of a gaseous fuel is given. The fuel is burned with 120 percent theoretical air. The AF ratio and the 
volume flow rate of air intake are to be determined. 


Assumptions 1 Combustion is complete. 2 Air and the combustion gases are ideal gases. 

Properties The molar masses of C, H 2 , N 2 , 0 2 , and air are 12, 2, 28, 32, and 29 kg/kmol (Table A-l). 

Analysis ( a ) The fuel is burned completely with excess air, and thus the products will contain H 2 0, C0 2 , N 2 , and some free 
0 2 . The moisture in the air does not react with anything; it simply shows up as additional H 2 0 in the products. Therefore, 
we can simply balance the combustion equation using dry air, and then add the moisture to both sides of the equation. 
Considering 1 kmol of fuel, the combustion equation can be written as 


(0.80CH4 +0.15N 2 +0.050 2 )+1.2a th (0 2 +3.76N 2 ) 

The unknown coefficients in the above equation 
are determined from mass balances, 

C: 0.80 = x >x = 0.80 

H: (0.80)(4) = 2y >y = 1.6 

0 2 : 0.05 + 1.2fl th = x + y /2 + 0.2a th >a ih =1.55 

N 2 : 0.15 + (l.2)(3.76)fl th = z >z = 7.14 


» vC0 2 + yH 2 Q + 0.2<2 th O 2 + zN 2 


80% CH 4 

15% N 2 , 

5% 0 2 

air 


120% theoretical 


Combustion 

chamber 


Products 


Next we determine the amount of moisture that accompanies 4.76xl.2a th = 4.76x1.2x1.55 = 8.85 kmol of dry air. The 
partial pressure of the moisture in the air is 

P v,in = ^air^ >at@30°c = (0.60X4.247 kPa) = 2.548 kPa 


The number of moles of the moisture in the air (N Vt in ) is determined to be 


N • = 

v,in 


P ■ 

v,in 

^total 


N 


total 


2.548 kPa 
100 kPa 


(8.85 + A vin ) 


-> N v - m = 0.23 kmol 


The balanced combustion equation is obtained by substituting the coefficients determined earlier and adding 0.23 kmol of 
H 2 0 to both sides of the equation, 

(O.8OCH4 +0.15N 2 +0.050 2 )+1.86(0 2 + 3.76N 2 ) + 0.23H 2 O >0.8CO 2 + 1.83H 2 O + 0.31O 2 +7.14N 2 

The air-fuel ratio for the this reaction is determined by taking the ratio of the mass of the air to the mass of the fuel, 

m air = [(l.86X4.76)kmol](29 kg/kmol) + (0. 23 kgXl8 kg/kmol) = 260.9 kg 
m fucl = [(0.8)(16)+ (0. 15X28)+ (0.05 )(32)]kg = 18.6 kg 


and 


A[ , _ '«air _ 260.9 kg 


m fae\ 18.6 kg 


= 14.0 kg air/kg fuel 


( b ) The mass flow rate of the gaseous fuel is given to be 2 kg/min. Since we need 14.0 kg air per kg of fuel, the required 
mass flow rate of air is 

m air = (AFXm &e i ) = (14.0X2 kg/min) = 28.0 kg/ min 
The mole fractions of water vapor and the dry air in the incoming air are 


N 


y H-)0 - 


HoO 


0.23 


A total 8.85 + 0.23 


= 0.025 and y diyair =1-0.025 = 0.975 


Thus, 


M = {yM ) H20 + (yM ) dlyair = (0.025Xl8)+ (0.975X29) = 28.7 kg/kmol 

RT (8.3 14/28.7 kPa • m 3 /kg - k]( 303 K) ^ o ^ n 3n 
c/ = = ^ s — A L = 0.878 m 3 /kg 

P 100 kPa 

0 = mv = (28.0 kg/min)(o. 878 m 3 /kg)= 24.6 m 3 /min 
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15-88 


15-93E Hydrogen is burned with 100 percent excess air. The A F ratio and the volume flow rate of air are to be determined. 
Assumptions 1 Combustion is complete. 2 Air and the combustion gases are ideal gases. 

Properties The molar masses of H 2 and air are 2 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis (a) The combustion is complete, and thus products will contain only H 2 0, 0 2 and N 2 . The moisture in the air does 
not react with anything; it simply shows up as additional H 2 0 in the products. Therefore, for simplicity, we will balance the 
combustion equation using dry air, and then add the moisture to both sides of the equation. The combustion equation in this 
case can be written as 

H 2 + 2a th (0 2 + 3.76N 2 ) >H 2 0 + a lh 0 2 +(2X3.76KN 2 

where a th is the stoichiometric coefficient for air. It is determined from 

0 2 balance: 2a th =0.5 + a th » a th = 0.5 

Substituting, 

H 2 + (0 2 + 3.76N 2 ) » H 2 0 + 0.5O 2 + 3.76N 2 

Therefore, 4.76 lbmol of dry air will be used per kmol of the fuel. 

The partial pressure of the water vapor present in the incoming air is 

p v , m =^air^sat@9(FF = ( 0 . 60 X 0 . 69904 psi)= 0.419 psia 


H- 



Air 

80 °f' 


Combustion 

chamber 

P = 14.5 psia 


Products 

-► 


The number of moles of the moisture that accompanies 4.76 lbmol of incoming dry air (N v , in) is determined to be 


N • = 

v,in 


r p . N 

v,in 

p 

\ 1 total y 


N 


total 


0.419 psia 
14.5 psia 


(4.76 + /V„ in ) > N v in =0.142 lbmol 


The balanced combustion equation is obtained by substituting the coefficients determined earlier and adding 0.142 lbmol of 
H 2 0 to both sides of the equation, 

H, +(0 2 + 3.76N 2 )+ 0. 142H 2 0 >1.142H 2 O + 0.5O 2 + 3.76N, 

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 

(4.76 lbmol)(29 lbm/lbmol)+ (0. 142 lbmolXl8 lbm/lbmol) 


AF = 


m 


m 


fuel 


(l lbmol)(2 lbm/lbmol) 


= 70.3 lbmair/lbmfuel 


(b) The mass flow rate of H 2 is given to be 10 lbm/h. Since we need 70.3 lbm air per lbm of H 2 , the required mass flow rate 
of air is 

m air = (AFXw fae i)= (70.3X40 lbm/h) = 2812 lbm/h 
The mole fractions of water vapor and the dry air in the incoming air are 


N 


y H->o ~~ 


h 2 o 


0.142 


N ioVdl 4.76 + 0.142 


= 0.029 and y diyair = 1-0.029 = 0.971 


Thus, 


M = {yM ) H20 + (yM ) diyair = (0.029)(l8) + (0.97lX29) = 28.7 lbm/lbmol 

('Q ^3/28.7psia ■ li 3 /lbm- r)( 540 R) _ „ 3/]bm 

P 14.5 psia 

1 / = mv = (2812 lbm/h )(l3. 92 ft 3 /lbm)= 39,140 ft 3 /h 
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15-94E Propane is burned with stoichiometric amount of air. The fraction of the water in the products that is vapor is to be 
determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 

Analysis The fuel is burned completely with the air, and thus the products will contain only C0 2 , H 2 0, and N 2 . Considering 
1 kmol CiHg, the combustion equation can be written as 


C 3 H 8 +5(O z +3.76N 2 ) >3C0 2 +4H 2 0 + 18.8N 2 

The mole fraction of water in the products is 


N 


y = 


mo 


4 kmol 


N P md (3 + 4 + 18.8)kmol 
The saturation pressure for the water vapor is 
p v = ^sat@12CPF = 1.6951 psia 


= 0.1550 


CTf 


3 AA 8 


Theoretical air 

► 


Combustion 

chamber 

1 atm 


co 2 , h 2 o, n 2 


120°F 


When the combustion gases are saturated, the mole fraction of the water vapor will be 

P v 1.6951 kPa ni1 „ 

y„ = — = =0.1153 

g P 14.696 kPa 

Thus, the fraction of water vapor in the combustion products is 


• = y± 

vapor 

y 


0.1153 

0.1550 


0.744 
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15-95 Coal whose mass percentages are specified is burned with 20% excess air. The dew-point temperature of the products 
is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, S0 2 , and N 2 . 3 Combustion 
gases are ideal gases. 

Properties The molar masses of C, H 2 , 0 2 , S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-l). 

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


N c =^-= 61.40 kg =5n7kmol 
M c 12 kg/kmol 

N m = = 5 ' 79kg = 2.895 kmol 

M H2 2 kg/kmol 

N m = = 25,31kg = 0.7909 kmol 

M 02 32 kg/kmol 

N m = = L09 kg = 0.03893 kmol 

M N2 28 kg/kmol 

N s = — = L41kg = 0.04406 kmol 
M s 32 kg/kmol 

The mole number of the mixture and the mole fractions are 

N m =5.117 + 2.895 + 0.7909 + 0.03893 + 0.04406 = 8.886 kmol 


y H2 

yoi 

y N2 

Js 


N 

N 

N 


c 


m 


H2 


N 


m 


N 


02 


5. 117 kmol 
8.886 kmol 
2. 895 kmol 
8. 886 kmol 
0.7909 kmol 


= 0.5758 


= 0.3258 


N 


m 


N 


N2 


8. 886 kmol 
0.03893 kmol 


= 0.0890 


N, 


8.886 kmol 
0.04406 kmol 


= 0.00438 


N 


m 


8.886 kmol 


= 0.00496 


61.40% C 
5.79% H 2 
25.31% 0 2 
1.09% N 2 
1.41% S 
5.00% ash 
(by mass) 


Coal 

► 


Air 

20% excess 


Combustion 

chamber 


Products 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 

0.5758C + 0.3258H 2 + 0.08900 2 + 0.00438N 2 + 0.00496S + 1.25a th (0 2 +3.76N 2 ) 

>0.5758CO 2 +0.3258H 2 0 + 0.00496S0 2 +0.25a th O 2 +1.25a th x3.76N 2 

According to the oxygen balance, 


>a th = 0.6547 


0 2 balance : 0.0890 + 1 25a th = 0.5758 + 0.5 x 0.3258 + 0.00496 + 0.25 a th — 

Substituting, 

0.5758C + 0.3258H 2 +0.08900 2 +0.00438N 2 + 0.00496S + 0.8184(O 2 +3.76N 2 ) 

>0.5758CO 2 +0.3258H 2 0 + 0.00496S0 2 +0.1637O 2 +3.077N 2 

The dew-point temperature of a gas -vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 


Py = 


N. 


V y 


P = 

prod 


0.3258 kmol 


Thus, 


^dp “ ^sat@7.96kPa 


(0.5758 + 0.3258 + 0.00496+0. 1637 + 3.077) kmol 
41.3°C (Table A-5) 


(101.3kPa) = 7.96 kPa 
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15-96 Methane is burned steadily with 15 percent excess air. The dew-point temperature of the water vapor in the products 
is to be determined. 


Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 

Properties The molar masses of CH 4 and air are 16 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and some 
free 0 2 . Considering 1 kmol CH 4 , the combustion equation can be written as 

CH 4 +1.15^(02 +3.76N, ) >C0 2 +2H 2 O + 0.15a th O 2 +(l.!5X3.76)fl th N 2 


where a th is the stoichiometric coefficient and is 
determined from the 0 2 balance, 

1. 15a th = 1 + 1 + 0.15a th > a th = 2 


Thus, 

CH 4 +2.3(0 2 +3.76N 2 ) > C0 2 + 2H 2 0 + 0.3O 2 + 8.648N 2 


CH 4 




Air 

► 

15% excess 


Combustion 

chamber 


Products 



The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 



f 


\ 


N v 

^prod 


\ 


J 



2 kmol 

v (1 + 2 + 0.3 + 8.648) kmol y 


(101.325kPa) = 16.96 kPa 


Thus, 

Tdp = 7 saK®i 6 . 96 kPa = 56.5°C (EES or Table A-5 ) 
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15-97 A mixture of 40% by volume methane, CH4, and 60% by volume propane, C3H8, is burned completely with 
theoretical air. The amount of water formed during combustion process that will be condensed is to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products 
contain C0 2 , H 2 0, and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 and air are 12 kg/kmol, 2 
kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively (Table A-l). 

Analysis The combustion equation in this case can be written as 


40% CH 4 
60% C 3 H 8 


Air 


100% theoretical 


Products 


100°C 


0.4 CH 4 +0.6C 3 H 8 +fl th [0 2 +3.76N 2 ] >B C0 2 +DH 2 0 + FN 2 


where a th is the stoichiometric coefficient for air. The coefficient a [h and other coefficients are to be determined from the 
mass balances 


Carbon balance: B = 0.4 +3x0.6 = 2.2 


Hydrogen balance: 


2D = 4 x 0.4 + 8 x 0.6 = 2D >D = 3.2 


Oxygen balance: 
Nitrogen balance: 


2 a xh -2 B + D >2a rh =2(2.2) + 3. 2 >a th =3.8 


3.76 a ih = F >3.76(3.8) = F >F = 14.29 

Then, we write the balanced reaction equation as 

0.4 CH 4 +0.6C 3 H 8 +3.8 [0 2 +3.76N 2 ] >2.2 CO, + 3.2 H 2 0 + 14.29 N 2 

The vapor mole fraction in the products is 

3.2 


3C = 


= 0.1625 


2.2 + 3.2 + 14.29 
The partial pressure of water in the products is 

+, P rod = .Vv+rod = (0- 1625X100 kPa) = !6.25 kPa 


The dew point temperature of the products is 

^dp = ^sat@16.25kPa = 55.64°C 

The partial pressure of the water vapor remaining in 
the products at the product temperature is 

n -^sat@39°C - 7.0 kP a 


The kmol of water vapor in the products at the 
product temperature is 


P v = 


7.0 kPa = 


N, 


N 


P 


totafproduct 

AC 


prod 


2.2 + AC + 14.29 


AC = 1.241 kmol 


The kmol of water condensed is 


Steam 



N w = 3.2-1.241 = 1 .96kmol water/kmd fuel 
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15-98 A gaseous fuel mixture of 60% propane, C 3 H 8 , and 40% butane, C 4 H 10 , on a volume basis is burned with an air-fuel 
ratio of 19. The moles of nitrogen in the air supplied to the combustion process, the moles of water formed in the 
combustion process, and the moles of oxygen in the product gases are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products 
contain C0 2 , H 2 0, and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 and air are 12 kg/kmol, 2 
kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively (Table A-l). 

Analysis The theoretical combustion equation in this case can be written as ^ I 1 

Air 

0.6C 3 H 8 + 0.4C 4 H 10 + <7 th [o 2 +3.76N 2 ] >BC 0 2 +DH 2 0 + FN 2 

where a th is the stoichiometric coefficient for air. The coefficient a th and other coefficients are to be determined from the 
mass balances 

Carbon balance: B = 3x0.6 + 4x0.4 = 3.4 

Hydrogen balance: 8 x 0.6 + 10x0.4 = 2D >D = 4.4 

Oxygen balance: 2 a th =2 B + D »2a th =2x3.4 + 4.4 >a th =5.6 


60% C 3 H 8 
40% C 4 H 10 

► Products 
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15-99 A liquid gas fuel mixture consisting of 90% octane, C 8 H 18 , and 10% alcohol, C 2 H 5 OH, by moles is burned with 200% 
theoretical dry air. The balanced reaction equation for complete combustion of this fuel mixture is to be written, and the 
theoretical air-fuel ratio and the product-fuel ratio for this reaction, and the lower heating value of the fuel mixture with 
200% theoretical air are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 , N 2 , and air are 12, 2, 32, 28, and 29 kg/kmol, respectively (Table A-l). 

Analysis The reaction equation for 100% excess air is 

0.9C 8 H 18 (liq) + 0.1 C 2 H 5 OH + 2a th [0 2 +3.76N 2 ] >B C0 2 + DH 2 0 + E0 2 +F N 2 

where a th is the stoichiometric coefficient for air. We have automatically accounted for the 100% excess air by using the 
factor 2 a {h instead of a th for air. The coefficient a th and other coefficients are to be determined from the mass balances 


Carbon balance: 

Hydrogen balance: 
Oxygen balance: 

Nitrogen balance: 


8x0.9 + 2x0.1 = B >£ = 7.4 

1 8 x 0.9 + 6x0.1 = 2D >£> = 8.4 

0. 1 x 1 + 2 x 2 a th =2 B + D + 2 E 

= E 

2 a th x3.76 = F 


90% C 8 H 18 
10% C 2 H 5 OH 




Air 

► 

100% excess 


Combustion 

chamber 


Products 


Solving the above equations, we find the coefficients ( E = 1 1.55, F = 86.86, and a th = 1 1.55) and write the balanced reaction 
equation as 

0.9C 8 H 18 (liq) + 0.1C 2 H 5 OH + 23.1 [0 2 + 3.76N,] >7.4C0 2 + 8.4H,0 + 11.550 2 +86.86 N 2 

The theoretical air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel for the theoretical 
reaction, 

m air _ a th x4.76xM air 

Ar t h — — 

m fue\ 0-9 x M C8H1 8 + 0. 1 X M C2H50H 

_ (1 1.55 x 4.76 kmol)(29 kg/kmol) 

(0.9x1 14 + 0.1 x46)kg 

= 1 4.83kg air/kgfuel 

The actual air-fuel ratio is 


AF actual = 2AF th = 2(14.83) = 29.65 kg air/kg fiiel 
Then, the mass flow rate of air becomes 

+ ur = AF actual m fael =(29.65)(5 kg/s) = 1 48.3 kg/s 
The molar mass of the product gases is determined from 

^CQ2^ CQ2 + ^mo^mo + ^02^ 02 + ^N2-^N2 


M 


prod 


N C02 + ^H20 + Nq 2 + N m 

_ 7.4(44) + 8.4(1 8) + 1 1 .55(32) + 86.86(28) 
7.4 + 8.4 + 11.55 + 86.86 
= 28.72 kg/kmol 

The mass of product gases per unit mass of fuel is 

_ (-^C02 + ^H20 + Nq 2 + /V N2 )M prod 
0.9xM C8H18 + 0.1xM C 2H50H 
(7.4 + 8.4 + 1 1 .55 + 86.86)(28.72 kg/kmol) 
(0.9 xll4 + 0.1x 46)kg 

= 30.54kg product/kg fuel 


m 


prod 
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The steady-flow energy balance can be expressed as 
Hr = C I lhv + H P 

where 

Hr =0.9(/i C 8h1 8@25 ) C ^T8H18) + ^-l(^C2H50H@25 5 C ^/^,C2H50 h) + 23. 1^02@25°C + 86.86/z N2 @25°C 

= 0.9(-208,459 - 41 ,465) + 0. 1(— 235,3 10 ■ - 42,340) + 23. 1(0) + 86.86(0) 

= -252,697 kJ/kmol 

H p = 7.4/z C 02@25°C + 8.4/l H20 @25 0 C + 1 1.55/z N2 @25°C + 86.86/l N 2@25°C 
= 7.4(-393,520) + 8.4(-24 1,820) + 1 1 .55(0) + 86.86(0) 

= -4.943 xlO 6 kJ/kmol 
Substituting, we obtain 

q LHW = 4.691 xlO 6 kJ/kmol 

The lower heating value on a mass basis is determined to be 

7 lhv 

0.9xM C8H18 + 0.1xM C2 h5OH 

4.691 xlO 6 kJ/kmol 
~~ (0.9x1 14 + 0.1x46)kg/kmol 

= 43,760kJ/kg 
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15-100 CO gas is burned with air during a steady-flow combustion process. The rate of heat transfer from the combustion 
chamber is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 Combustion is complete. 


Properties The molar masses of CO and air are 28 kg/kmol and 29 kg/kmol, respectively (Table A-l). 


Analysis We first need to calculate the amount of air used per kmol of 
CO before we can write the combustion equation, 


^co 

™co 


RT 

P 


V, 


co 


0.2968 kPa-m 3 /kg-KV3 10 K) ^ 3n 

> 7 = 0.836 m 3 /kg 

(llOkPa) 

0.4 m 3 /min 


^co 0.836 m 3 /kg 


= 0.478 kg/min 


Then the molar air-fuel ratio becomes 




CO 

m 


37°C ~ 

Combustion 

Products 

Air 

chamber 

900 k 

25°C "" 




Vdr (l. 5 kg/min)/ (29 kg/kmol) 

AF = = = = 3.03 kmol air/kmol fuel 

Vud '"fuel / M &el (o. 478 kg/min)/(28 kg/kmol) 

Thus the number of moles of 0 2 used per mole of CO is 3.03/4.76 = 0.637. Then the combustion equation in this case can 
be written as 


CO + 0.637(0 2 +3.76N 2 ) >CO, +0. 1370 2 +2.40N 2 

Under steady-flow conditions the energy balance E in —E out = AE S tem applied on the combustion chamber with W= 0 
reduces to 

- Gou, = 2 N p (h} +h- h° ) p - JV* fc + * " ) R 
Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 

hi 

kJ/kmol 

^298 K 

kJ/kmol 

^310 K 

kJ/kmol 

^900 K 

kJ/kmol 

CO 

-110,530 

8669 

9014 

27,066 

0 2 

0 

8682 

— 

27,928 

N 2 

0 

8669 

— 

26,890 

co 2 

-393,520 

9364 

— 

37,405 


Thus, 

-Gout = (l X-393,520 + 37,405 - 9364) + (0. 1 37 )(0 + 27,928 - 8682) 

+ (2.4X0 + 26,890 - 8669)- (lX- 1 10,530 + 9014 - 8669)- 0 - 0 
= -208,927 kJ/kmol of CO 


Then the rate of heat transfer for a mass flow rate of 0.956 kg/min for CO becomes 


Gout = NQ ou , = 


^ m ^ 


\ N J 


Gout 


^ 0.478 kg/min ^ 
28 kg/kmol 


(208,927 kJ/kmol) = 3567 kj/min 
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15-101 A mixture of hydrogen and the stoichiometric amount of air contained in a rigid tank is ignited. The fraction of H 2 0 
that condenses and the heat transfer from the combustion chamber are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 Combustion is complete. 

Analysis The theoretical combustion equation of H 2 with stoichiometric amount of air is 

H 2 + fl th (0 2 + 3.76N 2 ) > H 2 0 + 3.76a th N 2 

where a t h is the stoichiometric coefficient and is determined from the 0 2 balance, 


a th = 0.5 


Thus, 


H 2 + 0.5(O 2 + 3.76N 2 ) > H z O + 1.88N, 



(a) At 25 °C part of the water (say, N w moles) will condense, and the number of moles of products that remains in the gas 
phase will be 2.88 - N w . Neglecting the volume occupied by the liquid water and treating all the product gases as ideal 
gases, the final pressure in the tank can be expressed as 

p N f.*» R « T f (2.88-jV,kmol)(8.314kPa-m 3 /kg-K)(298K) ^ . 

f V 6 m 3 


Then, 


N, 


P, 


1 -N 


w 


3.169 kPa 


A^gas 


R. 


> N w = 0.992 kmol 


total 2.88 - N w 412.9(2.88 -iVjkPa 
Thus 99.2% of the H 2 0 will condense when the products are cooled to 25 °C. 

( b ) The energy balance E in - E out = A£’ syslem applied for this constant volume combustion process with W = 0 reduces to 


-Gout =2>Tv +h - h °- p v) P +h ~ h °- p ") R 

With the exception of liquid water for which the P <7 term is negligible, both the reactants and the products are assumed to 
be ideal gases, all the internal energy and enthalpies depend on temperature only, and the PU terms in this equation can be 
replaced by R U T. It yields 

- Gout = Yj N p (h} - Rj) p - Y, N r (h° f - R u t) r 

= Y J N P h}^ P -Y J N R h}, R -Ru T ^ P ^ as -Y J N R) R 

since the reactants are at the standard reference temperature of 25°C. From the tables. 


Thus, 


Substance 


H 2 

o 2 

n 2 

h 2 o (g) 
h 2 o (() 


hf 

kj/kmol 

0 

0 

0 

-241,820 

-285,830 


-Q out = (0.008)(-241,820)+(0.992)(-285,830) + 0-0-0-0-8.314x298(l.89-3.38) 
= -28 1,786 kJ (per kmol H 2 ) 


or 2out = 281,786 kJ (per kmol H 2 ) 
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15-102 Ethanol gas is burned with 10% excess air. The combustion is incomplete. The theoretical kmols of oxygen in the 
reactants, the balanced chemical reaction, and the rate of heat transfer are to be determined. 

Assumptions 1 Combustion is incomplete. 2 The combustion products contain C0 2 , CO, H 2 0, O?, and N 2 only. 

Properties The molar masses of C, H?, 0 2 , N 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-l). 

Analysis (a) The balanced reaction equation for stoichiometric air is 

C 2 H 6 0 + a th [o 2 + 3.76N 2 ] >2C0 2 + 3H,0 + fl th x3.76N 2 

The stoicihiometric coefficient a { h is determined from an O? balance: 

c 2 h 6 o 

0.5 + a th = 2 + 1.5 >a th =3 ► 

Air 

Substituting, ► 

10% excess 

C 2 H 6 0 + 3[0 2 +3.76N 2 ] >2C0 2 +3H 2 0 + 11.28N 2 

Therefore, 3 kmol of oxygen is required to burn 1 kmol of ethanol. 

(b) The reaction with 10% excess air and incomplete combustion can be written as 

C 2 H 6 0 + 1.1x 3[0 2 +3.76N 2 ] >2(0.9CO 2 + 0.1CO) + 3H 2 O + .rO 2 + 1.1 x 3x 3.76 N 2 

The coefficient for 0 2 is determined from a mass balance, 

O? balance: 0.5 + 1.1x3 = 0.9 x 2 + 0.5 x (0.1 x 2) + 0.5 x 3 + x >x = 0.4 

Substituting, 

C 2 H 6 0 + 3.3[0 2 +3.76N 2 ] >1.8C0 2 + 0.2CO + 3 H z O + 0.4 0 2 +12.408 N 2 

(b) The heat transfer for this combustion process is determined from the energy balance E- m - E out = AE system applied on 
the combustion chamber with W = 0. It reduces to 

- Gou, te +h- h° ) R 

Both the reactants and products are at 25 °C. Assuming the air and the combustion products to be ideal gases, we have h = 
h(T). Then, using the values given in the table, 

-<2 out = (1.8)(-393,520) + (0.2)(-l 10,530) + (3)(— 24 1,820) - (1)(-235,310) 

=- 1,220,590 kJ/kmol fuel 


Combustion ^ C0 2 , CO 

chamber H?0, 0 2 , N 2 


or 


2 out = 1,220,590 kJ/kmol fuel 
For a 3.5 kg/h of fuel burned, the rate of heat transfer is 

3.5 kg/h 


^ m ^ 


2out — A^Gout — . . 2out — 

\M) 


46 kg/kmol 


(1,220,590 kJ/kmol) = 92, 870 kJ/h = 25.80kW 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



15-99 


15-103 Propane gas is burned with air during a steady-flow combustion process. The adiabatic flame temperature is to be 
determined for different cases. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 

Analysis Adiabatic flame temperature is the temperature at which the products leave the combustion chamber under 
adiabatic conditions ( Q = 0) with no work interactions (W = 0). Under steady-flow conditions the energy balance 
E- m - E out = AE system applied on the combustion chamber reduces to 


+ h—h 


h° f +h-h° 


= \Nh 


since all the reactants are at the standard reference temperature of 25 °C, and h°f = 0 for 0 2 and N 2 . 
(a) The theoretical combustion equation of C 3 H 8 with stoichiometric amount of air is 


C 3 H 8 (g) + 5(0 2 +3.76N 2 ) >3C0 2 +4H 2 0 + 18.8N 2 

From the tables, 


Substance 

K 

kJ/kmol 

^298 K 

kJ/kmol 

c 3 h 8 (g) 

-103,850 

— 

o 2 

0 

8682 

n 2 

0 

8669 

h 2 o (g) 

-241,820 

9904 

CO 

-110,530 

8669 

co 2 

-393,520 

9364 



Thus, 

(3)(- 393,520 + /7 ca - 9364)+ (4)(- 241,820 + h Hi0 - 9904)+ (l 8.8)(o + V - 8669) = (lX~ 103,850) 

It yields 

3/zco, +4/*mc> + 18.8 /*n 2 = 2,274,675 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,274,675 / (3 + 4 + 18.8) = 88,165 kJ/kmol. This 
enthalpy value corresponds to about 2650 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 2650 
K, but somewhat under it because of the higher specific heats of C0 2 and H 2 0. 

At 2400 K: 3 /7 ca +4 h^ Q + 18.8V, = (3)(l25,152)+(4)(l03,508)+(l8.8X79,320) 

2 = 2,280,704 kJ (Higher than 2,274,675 kj) 

At 2350 K: 3 /7 co , +4 /7 H , 0 +18.8 = (3)(l22,09l)+(4)(l00,846) + (l8.8)(77,496) 

2 = 2,226,582 kj (Lower than 2,274,675 kj) 

By interpolation, T P = 2394 K 

( b ) The balanced combustion equation for complete combustion with 200% theoretical air is 

C 3 H 8 (g)+10(o 2 +3.76N 2 ) >3C0 2 +4H 2 0 + 50, +37.6N 2 

Substituting known numerical values, 
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(3)(- 393,520 + hr 0l - 9364)+ (4)(- 241,820 + h HiQ - 9904) 

+ (5 )(0 + h Q , - 8682)+ (37.6)(o + fc N ,‘ - 8669) = (l)(- 103,850) 

which yields 

3/*co 2 +4/2h,o +5/?o, +37.6 /z No =2,48 1,060 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,481,060 / (3 + 4 + 5 + 37.6) = 50,021 kJ/kmol. This 
enthalpy value corresponds to about 1580 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 1580 
K, but somewhat under it because of the higher specific heats of C0 2 and H 2 0. 

At 1540 K: 3 h COi +4 h HiQ +5 /7 0i + 37.6/7 Ni = (3)(73,417)+ (4)(59,888) + (5)(50,756) + (37.6)(48,470) 

2 =2,536,055 kJ (Higher than 2,48 1,060 kj) 

At 1500 K: 3/7 c02 + 4/7 Hi0 +5 /7 0i + 37.6V = (3)(71,078)+ (4)(57,999) + (5)(49,292) + (37.6)(47,073) 

2 =2,461,630 kJ (Lower than 2,481,060 kj) 

By interpolation, T P = 1510 K 

(c) The balanced combustion equation for incomplete combustion with 90% theoretical air is 

C 3 H 8 (g) + 4.5(0 2 +3.76N 2 ) >2C0 2 +1C0 + 4H 2 0 + 16.92N 2 

Substituting known numerical values, 

(2)(- 393,520 + h c(x - 9364)+ (l)(- 1 10,530 + h co - 8669) 

+ (4)(- 241,820 + V G - 9904)+ (l6.92)(o + V - 8669)= (l)(- 103,850) 

which yields 

2h C Q 2 + lh co + 4/i h o + 16.92 h N2 = 1,974,692 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 1,974,692 / (2 + 1 + 4 + 16.92) = 82,554 kJ/kmol. 
This enthalpy value corresponds to about 2500 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 
2500 K, but somewhat under it because of the higher specific heats of C0 2 and H 2 0. 

At 2250 K: 

2/7 ca +l/7 co +4/^0+16.92^, =(2)(ll5,984)+(lX74,516)+(4)(95,562) + (l6.92)(73,856) 

2 =1,938,376 kJ (Higher than 1,974, 692kj) 

At 2300 K: 

2/7 ca +l/7 co +4/^0+16.92^, = (2 )(l 19,035) + (l)(76,345)+ (4 )(98,199) + (16.92 )(75,676) 

2 = 1,987,649 kJ (Lower than 1,974,692 kj) 

By interpolation, T P = 2287 K 
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15-104 The highest possible temperatures that can be obtained when liquid gasoline is burned steadily with air and with 
pure oxygen are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 

Analysis The highest possible temperature that can be achieved during a combustion process is the temperature which 
occurs when a fuel is burned completely with stoichiometric amount of air in an adiabatic combustion chamber. It is 
determined from 


2 >. 


h} +h-h 


-Z* 


hi +h-h 


R x f 


R 


z*. 


h 


f 


+ h T —h 


= \Nh 


f 




since all the reactants are at the standard reference temperature of 25 °C, and for 0 2 and N 2 . The theoretical combustion 
equation of C 8 H 18 air is 


C 8 H 18 + 12. 5(0 2 + 3.76N 2 ) > 8C0 2 +9H 2 0 + 47 N 2 


From the tables, 



Substance 

hf 

kJ/kmol 

^298 K 

kJ/kmol 


C 8 H 18 CO 

-249,950 

— 


o 2 

0 

8682 


n 2 

0 

8669 


h 2 o (g) 

-241,820 

9904 


co 2 

-393,520 

9364 

Thus, 

(8 )(- 393,520 + h co . 

: -9364)+ (9)(- 

■241,820 + ^ 

It yields 

8/z C o 2 + 9 /ih 2 o + 47/*n 2 =5,646,081 kJ 



- 9904)+ (47)(o + h Ni - 8669) = (lX- 249,950) 


The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 5,646,081/(8 + 9 + 47) = 88,220 kJ/kmol. This 
enthalpy value corresponds to about 2650 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 2650 
K, but somewhat under it because of the higher specific heat of H 2 0. 

At 2400 K: 8 h COi + 9 h^ Q + 47/T Ni = (8Xl25,152)+(9Xl03,508)+(47)(79,320) 

‘ =5,660,828 kJ (Higher than 5,646,081kj) 

At 2350 K: 8 h COi + 9/7 Hn0 +47 V = (8Xl22,09l)+ (9Xl 00,846)+ (47 )(77,496) 

2 = 5,526,654 kJ (Lower than 5,646,081 kj) 

By interpolation, T P = 2395 K 

If the fuel is burned with stoichiometric amount of pure 0 2 , the combustion equation would be 


C 8 H 18 +12.50 2 >8C0 2 +9H 2 0 

Thus, (8 )(- 393,520 + /7 ca -9364)+ (9 )(- 241, 820 + /7 H , o -9904)= (lX~ 249,950) 

It yields 8/z co , + 9 /i H o0 = 5,238,638 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 5,238,638/(8 + 9) = 308,155 kJ/kmol. This enthalpy 
value is higher than the highest enthalpy value listed for H 2 0 and C0 2 . Thus an estimate of the adiabatic flame temperature 
can be obtained by extrapolation. 

At 3200 K: 8 h COi +9 V G = (8 \l 74,695)+ (9 Xh 47,457) = 2,724,673 kj 

At 3250 K: 8 h COi +9 Vo = (8Xl 77, 822)+ (9 Xl50,272)= 2,775,024 kj 

By extrapolation, we get T P = 3597 K. However, the solution of this problem using EES gives 5645 K. The large difference 
between these two values is due to extrapolation. 
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15-105 Liquid propane, C 3 H 8 (liq) is burned with 150 percent excess air. The balanced combustion equation is to be written 
and the mass flow rate of air, the average molar mass of the product gases, the average specific heat of the product gases at 
constant pressure are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 , N 2 , and air are 12, 2, 32, 28, and 29 kg/kmol, respectively (Table A-l). 

Analysis The reaction equation for 150% excess air is 


C 3 H 8 (liq.) + 2.5fl th [0 2 + 3.76N 2 ] > B CO, +DH 2 0 + £0 2 +FN 


where a t h is the stoichiometric coefficient for air. We have automatically accounted for the 150% excess air by using the 
factor 2.5 a th instead of a th for air. The coefficient a th and other coefficients are to be determined from the mass balances 


Q 


Carbon balance: 

B = 3 


Hydrogen balance: 

2D = 8 >D = 4 

C 3 H 8 (liq) 

Oxygen balance: 

2x2.5 a th =2B + D + 2E 

25 °C 


II 

£ 

o' 

in 

T-H 

Air 


150% excess 

Nitrogen balance: 

2.5^ th x3.76 = F 



Combustion 

chamber 


Products 


Solving the above equations, we find the coefficients ( E = 7.5, F = 47, and a th = 5) and write the balanced reaction equation 
as 


C 3 H 8 +12.5 [0 2 +3.76N 2 ] >3C0 2 +4H 2 0 + 7.5 0 2 + 47 N 2 


The fuel flow rate is 


N = ^ = 04k|tam 
M M 44 kg/kmol 

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 

AC '«air (12.5 X 4.76 kmol)( 29 kg/kmol) Qnnoi . „ , 

AF = = = 39.08 kg air/ kg liiel 

m fuel (1 kmol)(44 kg/kmol) 

Then, the mass flow rate of air becomes 

m air = AFra ftiel = (39.08)(0.4 kg/min) = 15.63 kg/min 

The molar mass of the product gases is determined from 

M _ ^CQ2^CQ2 + ^H2Q^H2Q + ^02^02 + -^N2^N2 

N C02 + ^H20 + ^02 + ^N2 

_ 3(44) + 4(1 8) + 7.5(32) + 47(28) 

~ 3 + 4 + 7.5 + 47 

= 28.63kg/kmol 

The steady-flow energy balance is expressed as 

= 2out + ^fiiel^P 

where 


Hr ~ fuel@25°C hfg + 12.5/l 0 2 @25°C + 47/l N2 @25°C 

= (-103,847 kJ/kmol- 40,525 kJ/kmol)+ 12.5(0) + 47(0) 

= -144,372 kJ/kmol 

H p =3/z C 0 2@7> +4/*H20@7 > +7.5/lQ2@7> + 47/2 n2 @t> 

Substituting into the energy balance equation, 
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^fuel Hr “ Gout +^fiiel^P 

(0.009071 kmol/minX- 144,372 kJ/kmol) = (53x 60)kJ/min+ (0.009071 kmol/min)// P 

H P =-150,215 kJ/kmol 

Substituting this value into the H P relation above and by a trial-error approach or using EES, we obtain the temperature of 
the products of combustion 

T P =1282K 

The average constant pressure specific heat of the combustion gases can be determined from 

_ -^C02^C02@1282K + ^H20^H20 @1282K + ^02^02 @ 1 282K + ^N2^N2 @ 1282K 
/,P ^C02 +^H20 + -^02 + -^N2 

_ 3(56.94) + 4(44.62) + 7.5(35.9) + 47(34.02) 

3 + 4 + 7.5 + 47 

= 36.06kJ/kmol K 

where the specific heat values of the gases are determined from EES. 
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15-106E The work potential of diesel fuel at a given state is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 

Analysis The work potential or availability of a fuel at a specified state is the reversible work that would be obtained if that 
fuel were burned completely with stoichiometric amount of air and the products are returned to the state of the 
surroundings. It is determined from 

W+ = 'Y J N R [h} +h+h° -T q s) r Np(h } +h+h° -T 0 s) p 

°r, W+ = - r <>4 “I >/>(+ “To 4 

since both the reactants and the products are at the state of the surroundings. Considering 1 kmol of C 12 H 26 , the theoretical 
combustion equation can be written as 

C 12 H 26 + fl th (0 2 + 3.76N 2 ) > 12C0 2 + 13H 2 0 + 3.76fl th N 2 

where a th is the stoichiometric coefficient and is determined from the 0 2 balance, 


a th =12 + 6.5 > a th =18.5 


Substituting, C 12 H 26 + 18.5(0 2 +3.76N 2 ) >12C0 2 + 13H 2 0 + 69.56N 2 


For each lb mol of fuel burned, 12 + 13 + 69.56 = 94.56 lbmol of products are formed, including 13 lb mol of H 2 0. 
Assuming that the dew-point temperature of the products is above 77 °F, some of the water will exist in the liquid form in 
the products. If N w lbmol of H 2 0 condenses, there will be 13 - N w lbmol of water vapor left in the products. The mole 
number of the products in the gas phase will also decrease to 94.56 - N w as a result. Treating the product gases (including 
the remaining water vapor) as ideal gases, N w is determined by equating the mole fraction of the water vapor to pressure 
fraction, 


N. 


R, 


N 


prod gas 


P 


prod 


13~AT h . 
94.56 -N w 


0.4648 psia 
14.7 psia 


» N w = 10.34 lbmol 


since P v = P sat @ 77 o F = 0.4648 psia. Then the combustion equation can be written as 

Ci 2 H 26 + 18.5(0 2 + 3.76N 2 ) >12C0 2 + 10.34H 2 C+)+ 2.66H 2 o(g)+ 69.56N 2 

The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P, = 
y x P to tab where y x is the mole fraction of component i. Also, 

Si = N& (T,F>) = N f (?; (T, P q )- R„ ln(y i P m )) 

The entropy calculations can be presented in tabular form as 

Nj yj s i °(77°F,latai) R u ln (yi P m) ^ h;,Btu/lbmol 

Cj 2 H 26 l ~ 148.86 ~ 148.86 -125,190 

0 2 18.5 0.21 49.00 -3.10 52.10 0 

N 2 69.56 0.79 45.77 -0.47 46.24 0 


co 2 

12 

0.1425 

51.07 

-3.870 

54.94 

-169,300 

H 2 o (g) 

2.66 

0.0316 

45.11 

-6.861 

51.97 

-104,040 

H 2 o (0 

10.34 

— 

16.71 

— 

16.71 

-122,970 

n 2 

69.56 

0.8259 

45.77 

-0.380 

46.15 

0 


Substituting, 

W rev = (lX-125,190 -537 x 148.86) + (18.5 X0 -537 x 52. 1())+ (69.56)(0 - 537 x 46.24) 

- (1 2)(- 1 69,300 - 537 x 54.94)- (2.66X- 104.040 - 537 x 5 1 .97) 

- (l 0.34)(- 122,970 -537x1 6.7 1)- (69. 56)(0 -537 x46. 15) 

= 3,375,000 Btu (per lbmol C 12 H 26 ) 
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15-107 n-Octane is burned with 30 percent excess air. The combustion is incomplete. The maximum work that can be 
produced is to be determined. 

Assumptions 1 Combustion is incomplete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Analysis The combustion equation with 30% excess air and 10% CO is 

C 8 H 18 + 1.3 X 12.5(0 2 + 3.76N 2 ) >8(0.90 C0 2 + 0.10 CO) + 9 H 2 0 + *0 2 + 1.3 x 12.5 x 3.76 N 2 

The coefficient for 0 2 is determined from its mass balance as 


1. 3x 12.5 = 7.2 + 0.4 + 4.5 + * >* = 4.15 

Substituting, 

C 8 H 18 + 16.25(Oo + 3.76N 2 ) >7.2 CO, + 0.8CO + 9 H 2 0 + 4.15 0 2 + 61.1 N 2 


The reactants and products are at 25 °C and 1 atm, which is 
the standard reference state and also the state of the 
surroundings. Therefore, the reversible work in this case is 
simply the difference between the Gibbs function of 
formation of the reactants and that of the products, 

^rev R g f R - ^ Npg f p 

= (lXl 6,530)- (7.2)(-394,360) - (0.8)(-137,150) - (9)(-228,590) 
= 5,022,952 kJ (per kmol of fuel) 


C 8 H 18 


1 atm, 25 °C 
Air 

30% excess 
1 atm, 25 °C 


Combustion 

chamber 


Products 


► 

1 atm, 25 °C 


since the g ^ of stable elements at 25 °C and 1 atm is zero. Per unit mass basis, 


W, 


rev 


5,022,952kJ/kmol 
114 kg/kmol 


44,060kJ/kgfuel 
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15-108 Methane is burned steadily with 50 percent excess air in a steam boiler. The amount of steam generated per unit of 
fuel mass burned, the change in the exergy of the combustion streams, the change in the exergy of the steam stream, and the 
lost work potential are to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Properties The molar masses of CH 4 and air are 16 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis ( a ) The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and 
some free 0 2 . Considering 1 kmol CH 4 , the combustion equation can be written as 


CH 4 +3(0 2 +3.76N 2 ) >C0 2 +2H0O + O0 +11.28N, 

Under steady-flow conditions the energy balance E m - E ou{ - AE system 
applied on the combustion chamber with W = 0 reduces to 

- Gou, = E n p fe +Ti ~ /? ) P - Z N * te +Ti ~ Ti ° ) R 

Assuming the air and the combustion products to be ideal gases, we 
have h = h(T). From the tables, 


CH 4 
25 °C 

Air 


50% excess air 
25 °C 


Combustion 

chamber 


Products 
227 °C 


Substance 

h; 

kJ/kmol 

^298K 

kJ/kmol 

^500K 

kJ/kmol 

ch 4 

-74,850 

— 

— 

o 2 

0 

8682 

14.770 

n 2 

0 

8669 

14,581 

h 2 o (g) 

-241,820 

9904 

16,828 

co 2 

-393,520 

9364 

17,678 


Thus, 

-Gout = (l )(-393,520 + 1 7,678 - 9364)+ (2X~24 1,820 + 16,828 - 9904) 

+ (l)(0 + 1 4,770 - 8682) + (l 1 .28 Xo + 14,58 1 - 8669)- (lX~ 74,850) 
= -707,373 kJ/kmol of fuel 


The heat loss per unit mass of the fuel is 



707,373 kJ/kmol of fuel 
16 kg/kmol of fuel 


44,21 IkJ/kgfuel 


The amount of steam generated per unit mass of fuel burned is determined from an energy balance to be (Enthalpies of 
steam are from tables A-4 and A-6) 

= C™, = 44,21lkJ/kgliiel = , 8 ?2kg steam/kg(ue | 

m f A h s (3214.5 - 852.26) kJ/kg steam 

( b ) The entropy generation during this process is determined from 
S ge „ = S P ~ S R + ^ = ^NpSp 

* surr sun- 

The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P\ = 
P total? where y x is the mole fraction of component i. Then, 

S i =N i s i (T,P i )=N i (s°(T,P 0 )-R u ln(>-,Pj) 
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The entropy calculations can be presented in tabular form as 



N, 

yi 

Sj 0 (T,latm) 

R u in(yiP m ) 

NiSi 

ch 4 

1 

— 

186.16 

0 

186.16 

o 2 

3 

0.21 

205.04 

-12.98 

654.06 

n 2 

11.28 

0.79 

191.61 

-1.960 

2183.47 

S R = 3023.69 kJ/K 

co 2 

1 

0.0654 

234.814 

-22.67 

257.48 

h 2 o (g) 

2 

0.1309 

206.413 

-16.91 

446.65 

o 2 

1 

0.0654 

220.589 

-22.67 

243.26 

n 2 

11.28 

0.7382 

206.630 

-2.524 

2359.26 


= 3306.65 kJ/K 


Thus, 


O 707 777 

S sen = S P -S R + = 3306.65 - 3023.69 


T. 


SUIT 


298 


= 2657 kJ/K (per kmol fiiel ) 


The exergy change of the combustion streams is equal to the exergy destruction since there is no actual work output. That is, 
AXgases = -X dest = -T 0 S gen = -(298 K)(2657 kJ/K) = -79 1,786 kJ/kmol fiiel 

Per unit mass basis, 

-79 1,786 kJ/kmol fiiel 


AX 


gases 


16kg/kmol 


= -49,490kJ/kgfuel 


Note that the exergy change is negative since the exergy of combustion gases decreases. 

(c) The exergy change of the steam stream is 

AX steam = Ah ~ T 0 As = (3214.5 - 852.26) - (298)(6.77 14- 2.3305) = 1 039k J/kg steam 


{d) The lost work potential is the negative of the net exergy change of both streams: 


X 


dest 


m 


m 


f 


AX steam + ^ gases 


= -[(18.72 kg steam/kg fiiel )(1039 kJ/kg steam) + (-49,490 kJ/kg fiiel ) 


= 30,040kJ/kgfuel 
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15-109 A coal from Utah is burned steadily with 50 percent excess air in a steam boiler. The amount of steam generated per 
unit of fuel mass burned, the change in the exergy of the combustion streams, the change in the exergy of the steam stream, 
and the lost work potential are to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 5 The effect of sulfur on the energy and entropy balances 
is negligible. 

Properties The molar masses of C, H 2 , N 2 , 0 2 , S, and air are 12, 2, 28, 32, 32, and 29 kg/kmol, respectively (Table A-l). 

Analysis (a) We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the 
masses of the constituents, the mole numbers of the constituent of the coal are determined to be 

N c = = 61.40kg ^ 5n7kmol 

M C 12 kg/kmol 

N m = = 5,79 kg = 2.895 kmol 

M H2 2 kg/kmol 

N 0 , = = 25Jlkg = 0.7909 kmol 

M 02 32 kg/kmol 

JV N , = = L09 kg = 0.03893 kmol 

M m 28 kg/kmol 

N s = — = L41kg = 0.04406 kmol 
M s 32 kg/kmol 

The mole number of the mixture and the mole fractions are 


61.40% C 
5.79% H 2 
25.31% 0 2 
1.09% N 2 
1.41% S 
5.00% ash 
(by mass) 


AT =5.117 + 2.895 + 0.7909 + 0.03893 + 0.04406 = 8.886 kmol 


m 


N< 


y c 
y H2 
y 02 
y N2 

^S 


N 

N 


H2 


N 


m 


N 


02 


5. 117 kmol 
8.886 kmol 
2. 895 kmol 
8. 886 kmol 
0.7909 kmol 


= 0.5758 


= 0.3258 


Coal 


N 


= 0.0890 



N 


m 


N2 


8. 886 kmol 
0.03893 kmol 


N, 

N< 


8.886 kmol 
0.04406 kmol 


= 0.00438 


50% excess air 
25 °C 


N 


m 


8.886 kmol 


= 0.00496 


Combustion 

chamber 


Products 
227 °C 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 

0.5758C + 0.3258H 2 + 0.08900 2 + 0.00438N 2 + 0.00496S + 1.5a th (0 2 + 3.76N 2 ) 

>0.5758CO 2 +0.3258H 2 0 + 0.00496S0 2 +0.5a th O 2 +1.5 a th x3.76N 2 


According to the oxygen balance, 

0 2 balance : 0.0890 + 1.5<z th = 0.5758 + 0.5x0.3258 + 0.00496 + 0.5a th >a th =0.6547 

Substituting, 

0.5758C + 0.3258H 2 +0.08900 2 +0.00438N 2 +0.00496S + 0.982 1(0 2 +3.76N 2 ) 

>0.5758CO 2 + 0.3258H 2 0 + 0.00496S0 2 +0.3274O 2 +3.693N 2 

The apparent molecular weight of the coal is 
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_ (0.5758 x 12 + 0.3258 x 2 + 0.0890 x 32 + 0.00438 x 28 + 0.00496 x 32) kg 
~ (0.5758 + 0.3258 + 0.0890+0.00438 + 0.00496) kmol 

_ 10.69kg 
1.0 kmol 

= 10.69 kg/kmol coal 

Under steady-flow conditions the energy balance E in - E out = A Zs system applied on the combustion chamber with W = 0 
reduces to 

- Gou, = X N P te +Ti ~ Ti ° i - fe + /T - Ti ° l 

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 

hf 

kJ/kmol 

^298K 

kJ/kmol 

hsOOK 

kJ/kmol 

o 2 

0 

8682 

14,770 

n 2 

0 

8669 

14,581 

h 2 o (g) 

-241,820 

9904 

16,828 

co 2 

-393,520 

9364 

17,678 


Thus, 

-Gout = (0.5758)(-393,520 + 1 7,678 - 9364)+ (0.3258X-24 1,820 + 16,828 - 9904) 
+ (0.3274)(0 + 1 4,770 - 8682) + (3 .693 )(0 + 1 4,58 1 - 8669) - 0 
= -274,505 kJ/kmol of fuel 


The heat loss per unit mass of the fuel is 



274,505 kJ/kmol of fuel 
10.69 kg/kmol of fuel 


25,679 kJ/kgfuel 


The amount of steam generated per unit mass of fuel burned is determined from an energy balance to be (Enthalpies of 
steam are from tables A-4 and A-6) 

= e™, = 25.679kJ/kgi,el = , „ 8?kg steam;kg(ue | 

m j- A h s (3214.5 - 852.26) kJ/kg steam 

( b ) The entropy generation during this process is determined from 

s gen = s P - s R + ^ = YjNpSp + 

1 surr 1 sun- 

The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P\ = y x 
P total? where is the mole fraction of component i. Then, 

S t =N i s i (T,P i ) = N i (s°(T,P 0 )-R u ln(>-,pj) 
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The entropy calculations can be presented in tabular form as 



N, 

yi 

s? (T,latm) 

R u in(yiP m ) 

NiSj 

c 

0.5758 

0.5758 

5.74 

-4.589 

5.95 

h 2 

0.3258 

0.3258 

130.68 

-9.324 

45.61 

o 2 

0.0890 

0.0890 

205.04 

-20.11 

20.04 

n 2 

0.00438 

0.00438 

191.61 

-45.15 

1.04 

o 2 

0.9821 

0.21 

205.04 

-12.98 

214.12 

n 2 

3.693 

0.79 

191.61 

-1.960 

714.85 

S R = 1001.61 kJ/K 

co 2 

0.5758 

0.1170 

234.814 

-17.84 

145.48 

h 2 o (g) 

0.3258 

0.0662 

206.413 

-22.57 

74.60 

o 2 

0.3274 

0.0665 

220.589 

-22.54 

79.60 

n 2 

3.693 

0.7503 

206.630 

-2.388 

771.90 


Sp = 1071.58 kJ/K 


Thus, 

Sgen =Sp-S R + = 1071.58 - 1001.61 + 274,505 = 991 . 1 kJ/K (per kmol fuel ) 

T sun 298 

The exergy change of the combustion streams is equal to the exergy destruction since there is no actual work output. That is, 
AX’ gases = -x dest = -T 0 S gen = -(298 KX991.1 kJ/K) = -295,348 kJ/kmolfuel 

Per unit mass basis, 


AX 


gases 


-295,348 kJ/K 
10.69 kg/kmol 


-27,630kJ/kgfuel 


Note that the exergy change is negative since the exergy of combustion gases decreases. 

(c) The exergy change of the steam stream is 

AX steam = Ah-T 0 As = (3214.5 -852.26) - (298)( 6.77 14- 2.3305) = 1039k J/kg steam 


(d) The lost work potential is the negative of the net exergy change of both streams: 


X 


dest 


m 


m f 
v j 


steam + ^ gases 


= -[(10.87 kg steam/kg fuel 1(1039 kJ/kg steam) + (-27,630 kJ/kg fuel ) 


= 16,340kJ/kgfuel 
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15-110 Liquid octane is burned with 200 percent excess air during a steady-flow combustion process. The heat transfer rate 
from the combustion chamber, the power output of the turbine, and the reversible work and exergy destruction are to be 
determined. 


25 °C, 8 atm 
Air 


Assumptions 1 Combustion is complete. 2 Steady operating 
conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are 
negligible. 

Properties The molar mass of C 8 H 18 is 114 kg/kmol (Table A- 

1 ). 

Analysis {a) The fuel is burned completely with the excess air, 
and thus the products will contain only C0 2 , H 2 0, N 2 , and 
some free 0 2 . Considering 1 kmol of C 8 H 18 , the combustion 
equation can be written as 

C 8 H 18 + 3<7 th (0 2 + 3.76N 2 ) > 8C0 2 + 9H 2 0 + 2a th 0 2 + (3)(3.7fo th )N 2 

where a t h is the stoichiometric coefficient and is determined from the 0 2 balance, 


CsH 


8 AA 18 


200% excess 
air 


3a th — 8 + 4.5 + 2a ih 


-» a th = 12.5 


Substituting, 

C 8 H 18 + 37.5(0 2 +3.76N 2 > 


->8C0 2 + 9H 2 0 + 250 2 + 141N 2 


The heat transfer for this combustion process is determined from the energy balance 
E [n - E out = AE system applied on the combustion chamber with W= 0, 


-Qout = +h ~ h \-lL N ^ i f +h ~ h \ 




Q 


Combustion 

chamber 

P = 8 atm 


1300 K 
8 atm 


Combustion 

gases 




W 




950 K 
2 atm 


Assuming the air and the combustion products to be ideal gases, we have h = h{T). From the tables, 


Substance 

hi 

^500 K 

1*298 K 

^1300 K 

^950 K 

kJ/kmol 

kJ/kmol 

kJ/kmol 

kJ/kmol 

kJ/kmol 


C 8 H 18 (£) 

-249,950 

— 

— 

— 

— 

o 2 

0 

14.770 

8682 

42.033 

26.652 

n 2 

0 

14,581 

8669 

40,170 

28,501 

h 2 o (g) 

-241,820 

— 

9904 

48,807 

33,841 

co 2 

-393,520 

— 

9364 

59,552 

40,070 


Substituting, 

-Q out = (8X-393,520 + 59,522 - 9364) + (9X~24 1,820 + 48,807 - 9904) 

+ (25 X0 + 42,033 - 8682)+ (l4l)(0 + 40.170-8669) 

-(lX- 249,950 + /j 298 - /? 298 ) - (37.5)(0 + 14.770 - 8682) - (l4lXo + 14.58 1 - 8669) 
= -109,675 kJ/kmolC 8 H 18 


The C 8 H J8 is burned at a rate of 0.8 kg/min or 
m 0.8 kg/min 


N = 


M ((8Xl2) + (I8)(l)) kg/kmol 


= 7.018xl(T 3 kmol/min 


Thus, 


Gout = ^Gout = ( 7 .OI 8 X lO- 3 kmol/min)(l09,675 kJ/kmol) = 770 kj/min 


(b) Noting that no chemical reactions occur in the turbine, the turbine is adiabatic, and the product gases can be treated as 
ideal gases, the power output of the turbine can be determined from the steady-flow energy balance equation for nonreacting 
gas mixtures, 
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Wout - ^ N p (h e h t ) ^ ^out - ^-^p(^1300K ^950 k) 

Substituting, 

W out = (8X59,522 - 40,070) + (9X48,807 - 33,84 1)+ (25X42,033 - 29,652)+ (l4lX40,170 - 28,50 1) 

= 2, 245 , 1 64 kJ/kmol C 8 H 18 

Thus the power output of the turbine is 

W out =AW out =(7.018xl0“ 3 kmol/min](2,245, 164 kJ/kmol) = 15,756 kJ/min = 262.6 kW 
(c) The entropy generation during this process is determined from 

^gen =S P~S R + = ^ NpSp ~ ^ N r S r + 

^ suit ^surr 

where the entropy of the products are to be evaluated at the turbine exit state. The C 8 H 18 is at 25°C and 8 atm, and thus its 
absolute entropy is ?c 8 h 18 =360.79 kJ/kmol -K (Table A-26). The entropy values listed in the ideal gas tables are for 1 atm 

pressure. The entropies are to be calculated at the partial pressure of the components which is equal to P { = yjPtotab where y x 
is the mole fraction of component i. Also, 

S, = N,s, (r. Pi ) = Ni (*; (t, p q ) - RMy,P m )) 

The entropy calculations can be presented in tabular form as 



Ni 

yi 

Sj°(T 9 latm) 

R u in(yiPm) 

N,s, 

c 8 h 18 

1 

1.00 

360.79 

17.288 

343.50 

o 2 

37.5 

0.21 

220.589 

4.313 

8,110.34 

n 2 

141 

0.79 

206.630 

15.329 

26,973.44 

S r = 35,427.28 kJ/K 

co 2 

8 

0.0437 

266.444 

-20.260 

2,293.63 

h 2 o 

9 

0.0490 

230.499 

-19.281 

2,248.02 

o 2 

25 

0.1366 

241.689 

-10.787 

6,311.90 

n 2 

141 

0.7705 

226.389 

3.595 

31,413.93 


S P = 42,267.48 kJ/K 


Thus, 


S gen =42,267.48 -35,427.28+ 109,675 kJ =7208.2 kJ/K (per kmol) 

298 K 

Then the rate of entropy generation becomes 

S gen - NS gea =(7.018x10 ■ kmol/min)(7208.2 kJ/kmol- K) = 50.59 kJ/min- K 


and 


^destruction = +S' gcn = (298 K)(50.59 kJ/min- k) = 15,076 kJ/min = 251.3 kW 
+c V = W + X destractiai =262.6 + 251.3 = 513.9 kW 
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15-111 An expression for the HHV of a gaseous alkane C n H 2n +2 in terms of n is to be developed. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 . 3 Combustion gases are 
ideal gases. 


Analysis The complete reaction balance for 1 kmol of fuel is 

3/2 + 1 


C n H 2 „ + 2 


(0 2 +3.76N 2 ) >nC0 2 +(/7 + l)H 2 0 


3/2 + 1 


(3.76)N. 


Both the reactants and the products are taken to be at the standard reference state of 25 °C and 1 atm for the calculation of 
heating values. The heat transfer for this process is equal to enthalpy of combustion. Note that N 2 and 0 2 are stable 
elements, and thus their enthalpy of formation is zero. Then, 


q-h c - H P H R - ^ Nph f P '^ j N R hf R - (/V/zy ) CQ2 + (/V/zy ) 
For the HHV, the water in the products is taken to be liquid. Then, 
h c = n(-393,520) + ( n + 1)(-285,830) - (/7 } ) 

The HHV of the fuel is 

- h c n(- 393,520) + (n + 1)(-285,830) - \h } /&d 


H20 


™;L 


'fuel 


Fuel 


HHV = 


Air 


Combustion 

chamber 


^fiiel ^ fuel 


theoretical 


Products 

-► 


For the LHV, the water in the products is taken to be vapor. Then, 
/2(-393,520) + (/2 + 1)(-24 1,820) - [h ° f ). , 

' J /fuel 


LHV = 


M 


fuel 
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15-112 It is to be shown that the work output of the Carnot engine will be maximum when T = JT 0 T af . It is also to be 

\_K 


shown that the maximum work output of the Carnot engine in this case becomes w = CT, 


af 


0 1 af 
Y 2 




Analysis The combustion gases will leave the combustion chamber and enter the heat exchanger at the adiabatic flame 
temperature r af since the chamber is adiabatic and the fuel is burned completely. The combustion gases experience no 
change in their chemical composition as they flow through the heat exchanger. Therefore, we can treat the combustion 
gases as a gas stream with a constant specific heat c p . Noting that the heat exchanger involves no work interactions, the 
energy balance equation for this single-stream steady-flow device can be written as 

Q = m(K ~ h t ) = mC{r p - 7' af ) 

where Q is the negative of the heat supplied to the heat engine. That is, 

Qh = ~Q = 7 ^(^af - T p ) 

Then the work output of the Carnot heat engine can be expressed as 


W = Qh 


r \ 


T 


Tn 


\ 


P J 


= mC[T df -T p \ 1-^ 

l PJ 


(1) 


Taking the partial derivative of W with respect to T p while holding T af and 
constant gives 

dW 


dT 


= 0 


-» -mC 


p 


Tr 


T 


+ mc{f p -Ttf )~T ~ 0 

1 P 


P J 


Solving for T p we obtain 
T p = -\l T()T d f 


which the temperature at which the work output of the Carnot engine will be a 
maximum. The maximum work output is determined by substituting the relation 
above into Eq. (1), 


W = - T p j^l - ^ = mc(r af - ^ 


1- 


Tn 




af 


It simplifies to 


W = mCT. df 


1- 





or 


w=CT. 


af 


1- 




which is the desired relation. 
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15-113 The combustion of a hydrocarbon fuel C n H m with excess air and incomplete combustion is considered. The 
coefficients of the reactants and products are to be written in terms of other parameters. 

Analysis The balanced reaction equation for stoichiometric air is 

C„H m + A th [0 2 +3.76N 2 ] >nC0 2 +(m/2)H 2 0 + 3.76A th N 2 C n H m 

The stoichiometric coefficient A th is determined from an 0 2 balance: 

A th = n + mh 4 Excess air 

The reaction with excess air and incomplete combustion is 

C„H m + (1 + B)A th [o 2 + 3.76N 2 ] >an C0 2 +bn CO + {ml 2) H 2 0 + G 0 2 + 3.76(1 + B)A th N 2 

The given reaction is 

C„H m + (l + 5)A th [o 2 +3.76N 2 ] >D C0 2 + £CO+ F H 2 0 + G 0 2 + J N 2 

Thus, 

D = an 
E = bn 
F = m / 2 

J - 3.76(1 + B)A th 


Combustion ^ C0 2 , CO 

chamber H 2 0, 0 2 , N 2 


The coefficient G for 0 2 is determined from a mass balance, 
O? balance: 


bn m 

(1 + B)A±u — an H 1 1- G 


d + 5) 


m 

n H 

4 


2 4 

bn m 

— 6/ /I -| 1 b G 

2 4 


+ BA t u — -i 1 h C 

2 4 


/H 

4 


bn 

G = n + BA th - an 

2 


= n(l - a) + 5A th - 




= „b - — + BA 
2 


th 


bn 


+ BA 


th 
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15-114 The combustion of a mixture of an alcohol fuel (C n H m O x ) and a hydrocarbon fuel (C W H Z ) with excess air and 
incomplete combustion is considered. The coefficients of the reactants and products are to be written in terms of other 
parameters. 

Analysis The balanced reaction equation for stoichiometric air is 

>’i C„H m O x +y 2 C W H. + A th [o 2 +3.76N 2 ] >(>y? + >- 2 w)C0 2 +0.5(y 1 m + y 2 z)H 2 O + 3.76A th N 2 

The stoichiometric coefficient A th is determined from an 0 2 balance: 

y\x! 2 + A th = (>’,« + y 2 w) + (y^m + y 2 z)l 4 >A th = ( y + y 2 w) + (y x m + y 2 z)/4-y l x/2 

The reaction with excess air and incomplete combustion is 

y\ C„H m O ;c + j 2 C W H Z + (1 + B)A th [0 2 + 3.76N 2 ] 

>a(y x n + y 2 w)C 0 2 + b(y x n + y 2 w) CO + 0.5(y x m + y 2 z)H 2 0 + G0 2 +3.76(1 + B)A th N 2 


The given reaction is 


>'i C n H m O x +y 2 C W H Z +(l + fl)A th [0 2 +3.76N,]- 


+Z)C0 2 +£C0+FH 2 0 + G0 2 + 7 n 2 


Thus, 

D = a(y x n + y 2 w) 

E = b(y { n + y 2 w) 

F = 0.5(y l m + y 2 z) 
J = 3.76(1 + B)A th 


C n H m O x 

r h 


► 

Combustion 

► 

chamber 

Excess air 



C0 2 , CO 

h 2 o, o 2 , n 2 


The coefficient G for 0 2 is determined from a mass balance, 
0 2 balance: 


O.SyjX + (1 + B)A ih = a{y x n + y 2 w) + 0.5 b{y x n + y 2 w) + 0.25(yjm + y 2 z) + G 
O.SyjV + ( y x n + y 2 w) + 0.25(y 1 m + y 2 z) - O.SyjX + BA th = a(y x n + y 2 w) + 0.5 b(y x n + y 2 w) + 0.25(y 1 m + y 2 z) + G 

G = ( y x n + y 2 w) - a{y x n + y 2 w) - 0.5 b(y x n + y 2 w) + BA th 
= ( y x n + y 2 w)(l - a) - 0.5b(y x n + y 2 w) + BA th 
= b{y x n + y 2 w) - 0.5 b(y x n + y 2 w) + BA th 
= 0.5 b(y x n + y 2 w) + BA ih 
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determined. 


The adiabatic flame temperature of the fuels CH 4 (g), C2H 2 (g), CH 3 OH(g), C3H 8 (g), and C 8 H ix (l) is to be 


Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (02 + 3.76 N2) 

<— > xC02 + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/1 00) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) 02" 
{"For theoretical oxygen, the complete combustion equation for CH30H is" 

"CH30H + A_th 02=1 C02+2 H20 " 

1+ 2*A_th=1 *2+2*1 "theoretical O balance"} 

"Tjorod is the adiabatic combustion temperature, assuming no dissociation. 

Theo_air is the % theoretical air. " 

"The initial guess value of T prod = 450K ." 

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

"This procedure takes the fuel name and returns the moles of C and moles of H" 

If fuel$='C2H2(g)' then 
x=2;y=2; z=0 

Name$='acetylene' 

h_fuel = 226730"Table A.26" 

else 

If fuel$='C3H8(g)' then 
x=3; y=8; z=0 
Name$- propane' 

h_fuel = enthalpy(C3H8,T=T_fuel) 

else 

If fuel$='C8H 1 8(1)' then 
x=8; y=18; z=0 
Name$- octane' 

hjuel = -249950"Table A.26" 

else 

if fuel$='CH4(g)' then 
x=1; y=4; z=0 
Name$='methane' 

h_fuel = enthalpy(CH4,T=T_fuel) 

else 

if fuel$='CH30H(g)' then 
x=1; y=4; z=1 
Name$='methyl alcohol' 

h_fuel = -200670"Table A.26" 

endif; endif; endif; endif; endif 
end 

{"Input data from the diagram window" 

T_air = 298 [K] 

Theo_air = 200 [%] 

Fuel$-CH4(g)'} 

TJuel = 298 [K] 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

A_th = y/4 + x-z/2 
Th_air = Theo_air/1 00 

HR=h_fuel+ (y/4 + x-z/2) *(Theo_air/100) *enthalpy(02,T=T_air)+3.76*(y/4 + x-z/2) *(Theo_air/100) 
*enthalpy(N2,T =T_air) 

HP=HR "Adiabatic" 

HP=x*enthalpy(C02,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(y/4 + x-z/2)* 
(Theo_air/100)*enthalpy(N2,T=T_prod)+(y/4 + x-z/2) *(Theo_air/100 - 1)*enthalpy(02,T=T_prod) 
Moles_02=(y/4 + x-z/2) *(Theo_air/100 - 1) 

Moles J42=3.76*(y/4 + x-z/2)* (Theo_air/100) 
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Moles_C02=x 

Moles_H20=y/2 

T[1]=T_prod; xa[1]=Theo_air "array variable are plotted in Plot Window 1" 

SOLUTION for a sample calculation 


A th=1 .5 

HR—200733 [kJ/kg] 
Moles_H20=2 
Name$- methyl alcohol' 
T[1 ]=1 540 
T prod=1540 [K] 
y=4 

fuel$='CH30H(g)' HP=-200733 [kJ/kg] 

h fuel— 200670 Moles C02=1 

Moles N2=1 1.280 Moles 02=1.500 

Theo air=200 [%] Th air=2 

T air=298 [K] T fuel=298 [K] 

x=1 xa[1]=200 [%] 

z=1 
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investigated. 


The effect of the amount of air on the adiabatic flame temperature of liquid octane (C S H | 8 ) is to be 


Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (02 + 3.76 N2) 

<— > xC02 + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/1 00) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) 02" 
"For theoretical oxygen, the complete combustion equation for CH30H is" 

"CH30H + A_th 02=1 C02+2 H20 " 

"1+ 2*A_th=1 *2+2*1 ""theoretical O balance" 

"Adiabatic, Incomplete Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/1 00) (02 + 3.76 N2) 

<-> (x-w)C02 +wCO + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/1 00) N2 + ((y/4 + x-z/2) 
(Theo_air/100 - 1) +w/2)02" 

"T prod is the adiabatic combustion temperature, assuming no dissociation. 

Theo_air is the % theoretical air. " 

"The initial guess value of T prod = 450K ." 

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

"This procedure takes the fuel name and returns the moles of C and moles of H" 

If fuel$='C2H2(g)' then 
x=2;y=2; z=0 

Name$='Acetylene' 

h_fuel = 226730 

else 

If fuel$='C3H8(l)' then 
x=3; y=8; z=0 

Name$='Propane(liq)' 

h_fuel = -103850-15060 

else 

If fuel$='C8H 1 8(1)' then 
x=8; y=18; z=0 
Name$='Octane(liq)' 

h_fuel = -249950 

else 

if fuel$='CH4(g)' then 
x=1 ; y=4; z=0 
Name$='Methane' 

h_fuel = enthalpy(CH4,T=T_fuel) 

else 

if fuel$='CH30H(g)' then 
x=1 ; y=4; z=1 
Name$='Methyl alcohol' 

h_fuel = -200670 

endif; endif; endif; endif; endif 
end 

Procedure Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

ErrTh =(2*x + y/2 - z - x)/(2*A_th)*100 
IF Th_air >= 1 then 

SolMeth$ = '>= 100%, the solution assumes complete combustion.' 

{MolCO = 0 
MolC02 = x} 
w=0 

Mol02 = A_th*(Th_air - 1) 

GOTO 10 
ELSE 

w = 2*x + y/2 - z - 2*A_th*Th_air 
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IF w > x then 

Call ERROR('The moles of C02 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh) 

Else 

SolMeth$ = '< 100%, the solution assumes incomplete combustion with no 0_2 in products.' 

Mol02 = 0 
endif; endif 
10 : 

END 

{"Input data from the diagram window" 

T_air = 298 [K] 

Theo_air = 200 "%" 

Fuel$='CH4(g)'} 

T_fuel = 298 [K] 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

A_th =x + y/4 - z/2 
Th_air = Theo_air/1 00 

Call Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

HR=h_fuel+ (x+y/4-z/2) *(Theo_air/100) *enthalpy(02,T=T_air)+3.76*(x+y/4-z/2) *(Theo_air/100) 
*enthalpy(N2,T =T_air) 

HP=HR "Adiabatic" 

HP=(x-w)*enthalpy(C02,T=T_prod)+w*enthalpy(CO,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(x+y/4- 
z/2)* (Theo_air/100)*enthalpy(N2,T=T_prod)+Mol02*enthalpy(02,T=T_prod) 

Moles_02=Mol02 

Moles J42=3.76*(x+y/4-z/2)* (Theo_air/1 00) 

Moles_C02=x-w 

Moles_CO=w 

Moles_H20=y/2 


Theo air 

[%] 

T prod 

[K] 

75 

2077 

90 

2287 

100 

2396 

120 

2122 

150 

1827 

200 

1506 

300 

1153 

500 

840.1 

800 

648.4 
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The fuel among CH 4 (g), CifEfg), C2H 6 (g), C3H 8 (g), and C 8 Hi 8 (1) that gives the highest temperature when 


burned completely in an adiabatic constant-volume chamber with the theoretical amount of air is to be determined. 
Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm with Stoichiometric Air at T_fuel =T_air=T_reac in a constant volume, 
closed system: 

Reaction: CxHyOz + (x+y/4-z/2) (Theo_air/1 00) (02 + 3.76 N2) 

-> xC02 + (y/2) H20 + 3.76 (x+y/4-z/2) (Theo_air/1 00) N2 + (x+y/4-z/2) (Theo_air/100 - 1) 02" 
"For theoretical oxygen, the complete combustion equation for CH30H is" 

"CH30H + A_th 02=1 C02+2 H20 " 

"1+ 2*A_th=1 *2+2*1 ""theoretical O balance" 

"Adiabatic, Incomplete Combustion of fuel CnHm with Stoichiometric Air at T_fuel =T_air=T_reac in a constant 
volume, closed system: 

Reaction: CxHyOz + (x+y/4-z/2) (Theo_air/1 00) (02 + 3.76 N2) 

-> (x-w)C02 +wCO + (y/2) H20 + 3.76 (x+y/4-z/2) (Theo_air/1 00) N2 + ((x+y/4-z/2) (Theo_air/100 - 1) 
+w/2)02" 

"T_prod is the adiabatic combustion temperature, assuming no dissociation. 

Theo air is the % theoretical air. " 


"The initial guess value of T_prod = 450K ." 


Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

"This procedure takes the fuel name and returns the moles of C and moles of H" 
If fuel$='C2H2(g)' then 
x=2;y=2; z=0 

Name$='acetylene' 

h fuel = 226730"Table A.26" 

else 


If fuel$='C3H8(g)' then 
x=3; y=8; z=0 
Name$='propane' 


else 


If fuel$='C8H1 8(1)' then 
x=8; y=18; z=0 
Name$='octane' 


else 

if fuel$='CH4(g)' then 


x=1 ; y=4; z=0 
Name$='methane’ 


else 

if fuel$='CH30H(g)' then 
x=1 ; y=4; z=1 
Name$='methyl alcohol' 

endif; endif; endif; endif; endif 
end 


h fuel = enthalpy(C3H8,T=T_fuel) 


h fuel = -249950"Table A.26" 


hfuel = enthalpy(CH4,T=T_fuel) 


h fuel = -200670"Table A.26" 


Procedure Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

ErrTh =(2*x + y/2 - z - x)/(2*A_th)*1 00 
IF Th_air >= 1 then 

SolMeth$ = ’>= 100%, the solution assumes complete combustion.' 
w=0 

Mol02 = A_th*(Th_air - 1) 
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GOTO 10 
ELSE 

w = 2*x + y/2 - z - 2*A_th*Th_air 
IF w > x then 

Call ERROR('The moles of C02 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh) 

Else 

SolMeth$ = '< 100%, the solution assumes incomplete combustion with no 0_2 in products.' 

Mol02 = 0 
endif; endif 
10 : 

END 

{"Input data from the diagram window" 

Theo_air = 200 [%] 

Fuel$='CH4(g)'} 

T_reac = 298 [K] 

T_air = T_reac 
T_fuel = T_reac 
R_u = 8.314 [kJ/kmol-K] 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

A_th =x + y/4 - z/2 
Th_air = Theo_air/1 00 

Call Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

UR=(h_fuel-R_u*T_fuel)+ (x+y/4-z/2) *(Theo_air/1 00) *(enthalpy(02,T=T_air)-R_u*T_air)+3.76*(x+y/4-z/2) 
*(Theo_air/1 00) *(enthalpy(N2,T=T_air)-R_u*T_air) 

UP=(x-w)*(enthalpy(C02,T=T_prod)-R_u*T_prod)+w*(enthalpy(CO,T=T_prod)- 

R_u*T_prod)+(y/2)*(enthalpy(H20,T=T_prod)-R_u*T_prod)+3.76*(x+y/4-z/2)* 

(Theo_air/1 00)*(enthalpy(N2,T=T_prod)-R_u*T_prod)+Mol02*(enthalpy(02,T=T_prod)-R_u*T_prod) 

UR =UP "Adiabatic, constant volume conservation of energy" 

Moles_02=Mol02 

Moles_N2=3.76*(x+y/4-z/2)* (Theo_air/1 00) 

Moles_C02=x-w 

Moles_CO=w 

Moles_H20=y/2 


SOLUTION for CH4 


A_th=2 

fuel$='CH4(g)' 

h_fuel=-74875 

Moles_CO=0.000 

Moles_C02=l .000 

Moles_H20=2 

Moles_N2=7.520 

Moles_O2=0 .000 

MolO2=0 

Name$='methane' 

R_u=8.314 [kJ/kmol-K] 


SolMeth$=’>= 100%, the solution assumes complete combustion.' 


Theo_aii-100 [%] 

Th_air= 1.000 

T_air=298 [K] 

T_fuel=298 [K] 

T_prod=2824 [K] 

T_reac=298 [K] 

UP=- 100981 

UR=- 100981 

w=0 

X=1 

y=4 

z=0 

SOLUTION for C2H2 

A_th=2.5 

fuel$='C2H2(g)' 

h_fuel=226730 

Moles_CO=0.000 

Moles_C02=2.000 

Moles_H20=l 

Moles_N2=9.400 

Moles_O2=0 .000 

MolO2=0 

Name$='acetylene' 

R_u=8.314 [kJ/kmol-K] 


SolMeth$=’>= 100%, the solution assumes complete combustion.' 


Theo_air=100 [%] 

Th_air= 1.000 

T_air=298 [K] 

T_fuel=298 [K] 

T_prod=3535 [K] 

T_reac=298 [K] 

UP=194717 

UR=194717 

w=0 

x=2 

y=2 

z=0 
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SOLUTION for CH30H 

A_th=1.5 

fuel$='CH30H(g)' 

h_fuel=-200670 

Moles_CO=0.000 

Moles_C02= 1.000 

Moles_H20=2 

Moles_N2=5 . 640 

Moles_02=0.000 

MolO2=0 

Name$='methyl alcohol' 

R_u=8.314 [kJ/kmol-K] 


SolMeth$=’>= 100%, the solution assumes complete combustion.' 


Theo_air=100 [%] 

Th_air= 1.000 

T_air=298 [K] 

T_fuel=298 [K] 

T_prod=2817 [K] 

T_reac=298 [K] 

UP=-220869 

UR=-220869 

w=0 

X=1 

y=4 

z= 1 

SOLUTION for C3H8 

A_th=5 

fuel$='C3H8(g)' 

h_fuel=-103858 

Moles_CO=0.000 

Moles_C02=3 . 000 

Moles_H20=4 

Moles_N2= 18.800 

Moles_O2=0 .000 

MolO2=0 

Name$='propane' 

R_u=8.314 [kJ/kmol-K] 


SolMeth$=’>= 100%, the solution assumes complete combustion.' 


Theo_air=100 [%] 

Th_air= 1.000 

T_air=298 [K] 

T_fuel=298 [K] 

T_prod=2909 [K] 

T_reac=298 [K] 

UP=- 165406 

UR=- 165406 

w=0 

x=3 

y=8 

z=0 

SOLUTION for C8H18 

A_th=12.5 

fuel$='C8H18(l)' 

h_fuel=-249950 

Moles_CO=0.000 

Moles_C02=8.000 

Moles_H20=9 

Moles_N2=47 . 000 

Moles_02=0.000 

MolO2=0 

Name$='octane' 

R_u=8.314 [kJ/kmol-K] 


SolMeth$=’>= 100%, the solution assumes complete combustion.' 


Theo_air=100 [%] 

Th_air= 1.000 

T_air=298 [K] 

T_fuel=298 [K] 

T_prod=2911 [K] 

T_reac=298 [K] 

UP=-400104 

UR=-400104 

w=0 

x=8 

y=18 

z=0 
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15-118 mmtm A general program is to be written to determine the heat transfer during the complete combustion of a 
hydrocarbon fuel C n H m at 25 °C in a steady-flow combustion chamber when the percent of excess air and the temperatures 
of air and the products are specified. 

Analysis The problem is solved using EES, and the solution is given below. 


Steady-flow combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (x+y/4-z/2) (Theo_air/100) (02 + 3.76 N2) 

--> xC02 + (y/2) H20 + 3.76 (x+y/4-z/2) (Theo_air/100) N2 + (x+y/4-z/2) (Theo_air/100 - 1) 02" 
"For theoretical oxygen, the complete combustion equation for CH30H is" 

"CH30H + A_th 02=1 C02+2 H20 " 

"1+ 2*AJh=1 *2+2*1 ""theoretical O balance" 

"Steady-flow, Incomplete Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 
Reaction: CxHyOz + (x+y/4-z/2) (Theo_air/100) (02 + 3.76 N2) 

-> (x-w)C02 +wCO + (y/2) H20 + 3.76 (x+y/4-z/2) (Theo_air/100) N2 + ((x+y/4-z/2) (Theo_air/100 - 1) 
+w/2)02" 

"T_prod is the product gas temperature, assuming no dissociation. 

Theo_air is the % theoretical air. " 

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$,MM) 

"This procedure takes the fuel name and returns the moles of C and moles of H" 

If fuel$='C2H2(g)' then 
x=2;y=2; z=0 

Name$='Acetylene' 

h_fuel = 226730"Table A.26" 

MM=2* 12+2*1 

else 

If fuel$='C3H8(l)' then 
x=3; y=8; z=0 

Name$='Propane(liq)' 

h_fuel = -1 03850-1 5060"Tables A.26 and A.27" 

MM=molarmass(C3H8) 

else 

If fuel$= , C8H18(l)' then 
x=8; y=18; z=0 
Name$='Octane(liq)' 

hfuel = -249950"Table A.26" 

MM=8*12+18*1 

else 

if fuel$='CH4(g)' then 
x=1; y=4; z=0 
Name$='Methane' 

h_fuel = enthalpy(CH4,T=T_fuel) 

MM=molarmass(CH4) 

else 

if fuel$='CH30H(g)' then 
x=1; y=4; z=1 
Name$='Methyl alcohol' 

h fuel = -200670"Table A.26" 

MM=1*12+4*1+1*16 

endif; endif; endif; endif; endif 
end 

Procedure Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

ErrTh =(2*x + y/2 - z - x)/(2*A_th)*100 
IF Th_air >= 1 then 

SolMeth$ = ’>= 100%, the solution assumes complete combustion.' 
w=0 
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Mol02 = A_th*(Th_air - 1) 

GOTO 10 
ELSE 

w = 2*x + y/2 - z - 2*A_th*Th_air 
IF w > x then 

Call ERROR('The moles of C02 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh) 

Else 

SolMethS = '< 100%, the solution assumes incomplete combustion with no 0_2 in products.' 

Mol02 = 0 
endif; endif 
10 : 

END 

{"Input data from the diagram window" 

T_air = 298 [K] 

Theo_air = 200 [%] 

Fuel$='CH4(g)'} 

TJuel = 298 [K] 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$,MM) 

A_th —x + y/4 - z/2 
Th_air = Theo_air/1 00 

Call Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

HR=h_fuel+ (x+y/4-z/2) *(Theo_air/100) *enthalpy(02,T=T_air)+3.76*(x+y/4-z/2) *(Theo_air/100) 
*enthalpy(N2,T =T_air) 

HP=(x-w)*enthalpy(C02,T=T_prod)+w*enthalpy(CO,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(x+y/4- 
z/2)* (Theo_air/100)*enthalpy(N2,T=T_prod)+Mol02*enthalpy(02,T=T_prod) 

Q_out=(HR-HP)/MM "kJ/kgJuel" 

Moles_02=Mol02 

Moles J42=3.76*(x+y/4-z/2)* (Theo_air/100) 

Moles_C02=x-w 

Moles_CO=w 

Moles_H20=y/2 


SOLUTION for the sample calculation 


A_th=5 fuel$- C3H8(I)' 
HP=-149174 [kJ/kg] 
h_fuel=-1 18910 
Moles_CO=0.000 
MolesJH20=4 
Moles_02=2.500 
Name$- Propane(liq)' 


HR=-1 19067 [kJ/kg] 
MM=44.1 [kg/kmol] 
Moles_C02=3.000 
Moles J\I2=28. 200 
Mol02=2.5 

Q_out=682.8 [kJ/kgJuel] 


SolMeth$='>= 100%, the solution assumes complete combustion.' 


Theo_air=150 [%] 
T_air=298 [K] 

T prod=1800 [K] 


Th_air=1 .500 
T_fuel=298 [K] 
w=0 


x=3 


y=8 z=0 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 


15-126 


15-119 The rate of heat transfer is to be determined for the fuels CH 4 (g), CifTfg), CH 3 OH(g), C 3 H 8 (g), and C 8 Hi 8 (1) 

when they are burned completely in a steady-flow combustion chamber with the theoretical amount of air. 

Analysis The problem is solved using EES, and the solution is given below. 

Steady-floe combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (x+y/4-z/2) (Theo_air/100) (02 + 3.76 N2) 

— > xC02 + (y/2) H20 + 3.76 (x+y/4-z/2) (Theo_air/100) N2 + (x+y/4-z/2) (Theo_air/100 - 1) 02" 

"For theoretical oxygen, the complete combustion equation for CH30H is" 

"CH30H + A_th 02=1 C02+2 H20 " 

"1+ 2*A_th=1 *2+2*1 ""theoretical O balance" 

"Steady-flow, Incomplete Combustion of fuel CnHm entering at TJuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (x+y/4-z/2) (Theo_air/100) (02 + 3.76 N2) 

~> (x-w)C02 +wCO + (y/2) H20 + 3.76 (x+y/4-z/2) (Theo_air/100) N2 + ((x+y/4-z/2) (Theo_air/100 - 1) 
+w/2)02" 

"T_prod is the product gas temperature, assuming no dissociation. 

Theo_air is the % theoretical air. " 

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$,MM) 

"This procedure takes the fuel name and returns the moles of C ,H and O and molar mass" 

If fuel$='C2H2(g)' then 
x=2;y=2; z=0 

Name$='acetylene' 

h_fuel = 226730 
MM=2* 12+2*1 

else 

If fuel$='C3H8(g)' then 
x=3; y=8; z=0 
Name$='propane' 

h_fuel = enthalpy(C3H8,T=T_fuel) 

MM=molarmass(C3H8) 

else 

If fuel$='C8H 1 8(1)' then 
x=8; y=18; z=0 
Name$='octane' 

hjuel = -249950 
MM=8*12+18*1 

else 

if fuel$- CH4(g)' then 
x=1 ; y=4; z=0 
Name$='methane' 

h_fuel = enthalpy(CH4,T=T_fuel) 

MM=molarmass(CH4) 

else 

if fuel$='CH30H(g)' then 
x=1 ; y=4; z=1 
Name$='methyl alcohol' 

h_fuel = -200670 
MM=1*12+4*1+1*16 


endif; endif; endif; endif; endif 
end 

Procedure Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

ErrTh =(2*x + y/2 - z - x)/(2*A_th)*100 
IF Th_air >= 1 then 

SolMeth$ = '>= 100%, the solution assumes complete combustion.' 
w=0 

Mol02 = A_th*(Th_air - 1) 

GOTO 10 
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ELSE 

w = 2*x + y/2 - z - 2*A_th*Th_air 
IF w > x then 

Call ERROR('The moles of C02 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh) 

Else 

SolMethS = '< 100%, the solution assumes incomplete combustion with no 0_2 in products.' 

Mol02 = 0 
endif; endif 
10 : 

END 

{"Input data from the diagram window" 
m_dot_fuel = 0.1 [kg/s] 

T air = 298 [K] 

Theo_air = 200 [%] 

Fuel$-CH4(g)'} 

T_fuel = 298 [K] 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$,MM) 

A_th =x + y/4 - z/2 
Th_air = Theo_air/1 00 

Call Moles(x,y,z,Th_air,A_th:w,Mol02, SolMethS) 

HR=h_fuel+ (x+y/4-z/2) *(Theo_air/100) *enthalpy(02,T=T_air)+3.76*(x+y/4-z/2) *(Theo_air/100) 
*enthalpy(N2,T =T_air) 

HP=(x-w)*enthalpy(C02,T=T_prod)+w*enthalpy(CO,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(x+y/4- 
z/2)* (Theo_air/100)*enthalpy(N2,T=T_prod)+Mol02*enthalpy(02,T=T_prod) 

HR =Q_out+HP 

"The heat transfer rate is:" 

Q_d ot_out=Q_o ut/M M* m_d ot_f uel "[k W]" 

Moles_02=Mol02 

Moles J42=3.76*(x+y/4-z/2)* (Theo_air/1 00) 

Moles_C02=x-w 
Moles_CO=w 
Moles J420=y/2 


SOLUTION for a sample calculation 


A_th=1 .5 

HR=-200701 [kJ/kg] 
Moles_CO=0.000 
Moles N2=5.640 


fuel$='CH30H(g)' 
h_fuel=-200670 
Moles_C02=1 .000 
Moles_02=0.000 
NameS- methyl alcohol' 


m_dot_fuel=1 [kg/s] 

Q_out=404241 .1 [kJ/kmol_fuel] 

SolMeth$='>= 100%, the solution assumes complete combustion.' 


HP—604942 [kJ/kg] 
MM=32 
Moles_H20=2 
MolO2=0 

Q_dot_out= 12633 [kW] 


Theo_air=100 [%] 
T„fueN298 [K] 
x=1 


Th_air=1.000 
T_prod=1200 [K] 
y=4 


T air=298 [K] 

w=0 

z— 1 
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15-120 The rates of heat transfer are to be determined for the fuels CH 4 (g), C 3 H 2 (g), CH 3 OH(g), C 3 H 8 (g), and 

C 8 H| g (l) when they are burned in a steady-flow combustion chamber with for 50, 100, and 200 percent excess air. 

Analysis The problem is solved using EES, and the solution is given below. 


Steady-flow combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (x+y/4-z/2) (Theo_air/1 00) (02 + 3.76 N2) 

-> xC02 + (y/2) H20 + 3.76 (x+y/4-z/2) (Theo_air/1 00) N2 + (x+y/4-z/2) (Theo_air/100 - 1) 02" 
"For theoretical oxygen, the complete combustion equation for CH30H is" 

"CH30H + A_th 02=1 C02+2 H20 " 

"1+ 2*A_th=1 *2+2*1 ""theoretical O balance" 

"Steady-flow, Incomplete Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 
Reaction: CxHyOz + (x+y/4-z/2) (Theo_air/1 00) (02 + 3.76 N2) 

-> (x-w)C02 +wCO + (y/2) H20 + 3.76 (x+y/4-z/2) (Theo_air/1 00) N2 + ((x+y/4-z/2) (Theo_air/100 - 1) 
+w/2)02" 

"T_prod is the product gas temperature, assuming no dissociation. 

Theo_air is the % theoretical air. " 

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$,MM) 

"This procedure takes the fuel name and returns the moles of C and moles of H" 

If fuel$='C2H2(g)' then 
x=2;y=2; z=0 

Name$='acetylene' 

hfuel = 226730 
MM=2*1 2+2*1 

else 

If fuel$='C3H8(g)' then 
x=3; y=8; z=0 
Name$='propane' 

hfuel = enthalpy(C3H8,T=T_fuel) 

MM=molarmass(C3H8) 

else 

If fuel$='C8H1 8(1)' then 
x=8; y=18; z=0 
Name$='octane' 

h fuel = -249950 
MM=8*1 2+1 8*1 

else 

if fuel$='CH4(g)' then 
x=1 ; y=4; z=0 
Name$='methane' 

h fuel = enthalpy(CH4,T=T_fuel) 

MM=molarmass(CH4) 

else 

if fuel$='CH30H(g)' then x=1 ; y=4; z=1 

Name$='methyl alcohol' 

hfuel = -200670 
MM=1 *12+4*1 +1*1 6 

endif; endif; endif; endif; endif 
end 

Procedure Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

ErrTh =(2*x + y/2 - z - x)/(2*A_th)*1 00 
IF Th_air >= 1 then 

SolMeth$ = ’>= 100%, the solution assumes complete combustion.' 
w=0 

Mol02 = A_th*(Th_air - 1) 

GOTO 10 
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ELSE 

w = 2*x + y/2 - z - 2*A_th*Th_air 
IF w > x then 

Call ERROR('The moles of C02 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh) 

Else 

SolMeth$ = '< 100%, the solution assumes incomplete combustion with no 0_2 in products.' 

Mol02 = 0 
endif; endif 
10 : 

END 

{"Input data from the diagram window" 

T_air = 298 [K] 
m_dot_fuel=1 [kg/s] 

Theo_air = 200 [%] 

Fuel$='CH4(g)'} 

TJuel = 298 [K] 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$,MM) 

A_th =x + y/4 - z/2 
Th_air = Theo_air/1 00 

Call Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

HR=h_fuel+ (x+y/4-z/2) *(Theo_air/100) *enthalpy(02,T=T_air)+3.76*(x+y/4-z/2) *(Theo_air/100) 
*enthalpy(N2,T=T_air) 

HP=(x-w)*enthalpy(C02,T=T_prod)+w*enthalpy(CO,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(x+y/4- 
z/2)* (Theo_air/100)*enthalpy(N2,T=T_prod)+Mol02*enthalpy(02,T=T_prod) 

HR =Q_out+HP 

"The heat transfer rate is:" 

Q_dot_out=Q_out/MM*m_dot_fuel 

Moles_02=Mol02 

Moles_N2=3.76*(x+y/4-z/2)* (Theo_air/1 00) 

Moles_C02=x-w 

Moles_CO=w 

Moles_H20=y/2 


SOLUTION for a sample calculation 


A th=1 2.5 

HR=-250472 [kJ/kg] 
Moles_CO=0.000 
Moles_N2=94.000 
m_dot_fuel=1 [kg/s] 


fuel$='C8H1 8(1)' 
h_fuel=-249950 
Moles_C02=8.000 
Moles_02=1 2.500 
Name$='octane' 


HP=-1 .641 E+06 [kJ/kg] 

MM=1 14 [kg/kmol] 
Moles_H20=9 
Mol02=12.5 
Q_dot_out=12197 [kW] 


Q_out=1 390433.6 [kJ/kmol_fuel] 

SolMeth$='>= 100%, the solution assumes complete combustion.’ 


Theo_air=200 [%] 
T_fuel=298 [K] 
x=8 


Th_air=2.000 
T_prod=1200 [K] 
y=18 


T_air=298 [K] 

w=0 

z=0 
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15-121 A fuel is burned steadily in a combustion chamber. The combustion temperature will be the highest except when 

(a) the fuel is preheated. 

(b) the fuel is burned with a deficiency of air. 

(c) the air is dry. 

(d) the combustion chamber is well insulated. 

(e) the combustion is complete. 


Answer (b) the fuel is burned with a deficiency of air. 


15-122 A fuel is burned with 70 percent theoretical air. This is equivalent to 

(a) 30% excess air (b) 70% excess air (c) 30% deficiency of air 

(d) 70% deficiency of air (e) stoichiometric amount of air 

Answer (c) 30% deficiency ofair 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

air_th=0.7 

"air_th=air_access+1 " 
air_th=1 -air_deficiency 


15-123 Propane C^Hg is burned with 150 percent theoretical air. The air-fuel mass ratio for this combustion process is 
(a) 5.3 (b) 10.5 (c) 15.7 (d) 23.4 (e) 39.3 


Answer (d) 23.4 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

n_C=3 

n_H=8 

m_fuel=n_H*1 +n_C*1 2 
a_th=n_C+n_H/4 

coeff=1 .5 "coeff=1 for theoretical combustion, 1 .5 for 50% excess air" 

n_02=coeff*a_th 

n_N2=3.76*n_02 

m_air=n_02*32+n_N2*28 

AF=m air/m fuel 
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15-124 One kmol of methane (CH 4 ) is burned with an unknown amount of air during a combustion process. If the 
combustion is complete and there are 1 kmol of free 0 2 in the products, the air-fuel mass ratio is 

(a) 34.6 (b) 25.7 (c) 17.2 (d) 14.3 (e) 11.9 


Answer (b) 25.7 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

n_C=1 

n_H=4 

m_fuel=n_H*1 +n_C*1 2 
a_th=n_C+n_H/4 

(coeff-1 )*a_th=1 "02 balance: Coeff=1 for theoretical combustion, 1 .5 for 50% excess air" 

n_02=coeff*a_th 

n_N2=3.76*n_02 

m_air=n_02*32+n_N2*28 

AF=m_air/m_fuel 

"Some Wrong Solutions with Common Mistakes:" 

W1_AF=1/AF "Taking the inverse of AF" 

W2_AF=n_02+n_N2 "Finding air-fuel mole ratio" 

W3_AF=AF/coeff "Ignoring excess air" 


15-125 An equimolar mixture of carbon dioxide and water vapor at 1 atm and 60°C enter a dehumidifying section where the 
entire water vapor is condensed and removed from the mixture, and the carbon dioxide leaves at 1 atm and 60°C. The 
entropy change of carbon dioxide in the dehumidifying section is 

(a) -2.8 kJ/kg-K (b) -0.13 kJ/kg-K (c) 0 (d) 0.13 kJ/kg-K (e) 2.8 kJ/kg-K 


Answer (b) -0.13 kJ/kg-K 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Cp_CO2=0.846 
R_CO2=0.1889 
T1 =60+273 "K" 

T2=T1 
P1= 1 "atm" 

P2=1 "atm" 

y1_CO2=0.5; P1_C02=y1_C02*P1 
y2_C02=1 ; P2_C02=y2_C02*P2 

Ds_C02=Cp_C02*ln(T2/T1)-R_C02*ln(P2_C02/P1_C02) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Ds=0 "Assuming no entropy change" 

W2_Ds=Cp_C02*ln(T2/T1 )-R_C02*ln(P1_C02/P2_C02) "Using pressure fractions backwards" 
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15-132 


15-126 Methane (CH 4 ) is burned completely with 80% excess air during a steady-flow combustion process. If both the 
reactants and the products are maintained at 25 °C and 1 atm and the water in the products exists in the liquid form, the heat 
transfer from the combustion chamber per unit mass of methane is 

(a) 890 MJ/kg (b) 802 MJ/kg (c) 75 MJ/kg (d) 56 MJ/kg (e) 50 MJ/kg 


Answer (d) 56 MJ/kg 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T= 25 "C" 

P=1 "atm" 

EXCESS=0.8 

"Heat transfer in this case is the HHV at room temperature," 

HHV_CH4 =55.53 "MJ/kg" 

LHV_CH4 =50.05 "MJ/kg" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Q=LHV_CH4 "Assuming lower heating value" 

W2_Q=EXCESS*hHV_CH4 "Assuming Q to be proportional to excess air" 


15-127 The higher heating value of a hydrocarbon fuel C n H m with m = 8 is given to be 1560 MJ/kmol of fuel. Then its 
lower heating value is 

(a) 1384 MJ/kmol (b) 1208 MJ/kmol (c) 1402 MJ/kmol (d) 1540 MJ/kmol (e) 1550 MJ/kmol 


Answer (a) 1384 MJ/kmol 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

HHV=1560 "MJ/kmol fuel" 

h_fg=2.4423 "MJ/kg, Enthalpy of vaporization of water at 25C" 
n_H=8 

n_water=n_H/2 
m_water=n_water*1 8 
LHV=HHV-h_fg*m_water 

"Some Wrong Solutions with Common Mistakes:" 

W1_LHV=HHV - h_fg*n_water "Using mole numbers instead of mass" 

W2_LHV= HHV - h_fg*m_water*2 "Taking mole numbers of H20 to be m instead of m/2" 

W3_LHV= HHV - h_fg*n_water*2 "Taking mole numbers of H20 to be m instead of m/2, and using mole 
numbers" 
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15-128 Acetylene gas (C 2 H 2 ) is burned completely during a steady-flow combustion process. The fuel and the air enter the 
combustion chamber at 25°C, and the products leave at 1500 K. If the enthalpy of the products relative to the standard 
reference state is -404 MJ/kmol of fuel, the heat transfer from the combustion chamber is 

(a) 177 MJ/kmol (b) 227 MJ/kmol (c) 404 MJ/kmol (d) 631 MJ/kmol (e) 751 MJ/kmol 


Answer (d) 631 MJ/kmol 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

hf_fuel=226730/1 000 "MJ/kmol fuel" 

H_prod=-404 "MJ/kmol fuel" 

H_react=hf_fuel 
Q_o u t= H_re act- H_p rod 

"Some Wrong Solutions with Common Mistakes:" 

W1_Qout= -H_prod "Taking Qout to be H_prod" 

W2_Qout= H_react+H_prod "Adding enthalpies instead of subtracting them" 


15-129 Benzene gas (C 6 H 6 ) is burned with 95 percent theoretical air during a steady-flow combustion process. The mole 
fraction of the CO in the products is 

(a) 8.3% (b) 4.7% (c) 2.1% (d) 1.9% (e) 14.3% 


Answer (c) 2.1% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

n_C=6 

n_H=6 

a_th=n_C+n_H/4 

coeff=0.95 "coeff=1 for theoretical combustion, 1 .5 for 50% excess air" 

"Assuming all the H burns to H20, the combustion equation is 

C6H6+coeff*a_th(02+3.76N2) (n_C02) C02+(n_C0)C0+(n_H20) H20+(n_N2) N2" 

n_02=coeff*a_th 

nj\l2=3.76*n_02 

n_H20=n_H/2 

n_C02+n_CO=n_C 

2*n_C02+n_C0+n_H20=2*n_02 "Oxygen balance" 
n_prod=n_C02+n_CO+n_H20+n_N2 "Total mole numbers of product gases" 
y_CO=n_CO/n_prod "mole fraction of CO in product gases" 

"Some Wrong Solutions with Common Mistakes:" 

W1_yCO=n_CO/n1_prod; n1_prod=n_C02+n_CO+n_H20 "Not including N2 in n_prod" 
W2_yCO=(n_C02+n_CO)/n_prod "Using both CO and C02 in calculations" 
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15-130 A fuel is burned during a steady-flow combustion process. Heat is lost to the surroundings at 300 K at a rate of 1 120 
kW. The entropy of the reactants entering per unit time is 17 kW/K and that of the products is 15 kW/K. The total rate of 
exergy destruction during this combustion process is 

(a) 520 kW (b) 600 kW (c) 1 120 kW (d) 340 kW (e) 739 kW 


Answer (a) 520 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

To=300 "K" 

Q_out=1 120 "kW" 

S_react=17 "kW'K" 

S_prod= 1 5 M kW/K" 

S_react-S_prod-Q_out/To+S_gen=0 "Entropy balance for steady state operation, Sin-Sout+Sgen=0" 
X_dest=To*S_gen 

"Some Wrong Solutions with Common Mistakes:" 

W1_Xdest=S_gen "Taking Sgen as exergy destruction" 

W2_Xdest=To*S_gen1 ; S_react-S_prod-S_gen1 =0 "Ignoring Q_out/To" 
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15-131 ■■■ 15-136 Design and Essay Problems 


15-135 


15-134 A certain industrial process generates a liquid solution of ethanol and water as the waste product. The solution is to 
be burned using methane. A combustion process is to be developed to accomplish this incineration process with minimum 
amount of methane. 

Analysis The mass flow rate of the liquid ethanol- water solution is given to be 10 kg/s. Considering that the mass fraction 
of ethanol in the solution is 0 . 2 , 

'«ethanol = ( 0 . 2 )(l 0 kg/s) = 2 kg/s 
^ water = ( 0 - 8 )(l 0 kg/s) = 8 kg/s 

Noting that the molar masses M et hanoi = 46 and M water =18 kg/kmol and that mole numbers N = m/M , the mole flow rates 
become 


N 


^ethanol 


2 kg/s 


ethanol 


M 


ethanol 


N 


m 


water 


46 kg/kmol 
8 kg/s 


= 0.04348 kmol/s 


water 


M 


water 


1 8 kg/kmol 


= 0.44444 kmol/s 


Note that 


N 

water 

^ethanol 


0 44444 

= 10.222 kmol HUO/kmol C.HcOH 

0.04348 


That is, 10.222 moles of liquid water is present in the solution for each mole of ethanol. 

Assuming complete combustion, the combustion equation of C 2 H 5 OH (£) with stoichiometric amount of air is 

C 2 H 5 OH(/)+ a th (o 2 +3.76N 2 ) > 2 C 0 2 + 3H 2 0 + 3.76fl th N 2 

where a th is the stoichiometric coefficient and is determined from the 0 2 balance, 


1 + 2a th —4 + 3 ^ a fa — 3 

Thus, 

C 2 H 5 0H(/)+3(0 2 +3.76N 2 ) >2C0 2 +3H 2 0 + 11.28N 2 

Noting that 10.222 kmol of liquid water accompanies each kmol of ethanol, the actual combustion equation can be written 
as 


C 2 H 5 0H(/)+3(0 2 +3.76N 2 )+10.222H 2 O(/) >2C0 2 +3H 2 C>(g)+l 1.28N 2 +10.222H 2 O(7) 

The heat transfer for this combustion process is determined from the steady-flow energy balance equation with W = 0, 

Q = Y J N p(h}+h-h°) p -Y J N R (h}+h-h°) R 

Assuming the air and the combustion products to be ideal gases, we have h = h{T). We assume all the reactants to enter the 
combustion chamber at the standard reference temperature of 25 °C. Furthermore, we assume the products to leave the 
combustion chamber at 1400 K which is a little over the required temperature of 1 100 °C. From the tables, 
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Substance 

hf 

kJ/kmol 

1*298 K 

kJ/kmol 

1*1400 K 
kJ/kmol 

C 2 H 5 OH (£) 

-277,690 

— 

— 

ch 4 

-74,850 

— 

— 

o 2 

0 

8682 

45.648 

n 2 

0 

8669 

43,605 

h 2 o (g) 

-241,820 

9904 

53,351 

H 2 0 (£) 

-285,830 

— 

— 

co 2 

-393,520 

9364 

65,271 


Thus, 

Q = (2^-393,520 + 65,271 -9364) + OX-24 1,820 + 53,35 1 - 9904) 

+ (l 1 ,28)(0 + 43,605 - 8669)- (l)(- 277,690)- 0 - 0 
+ (10.222X- 241,820 + 53,35 1 - 9904)- (l0.222)(- 285,830) 

= 295,409 kJ/kmol of C 2 H 5 OH 

The positive sign indicates that 295,409 kJ of heat must be supplied to the combustion chamber from another source (such 
as burning methane) to ensure that the combustion products will leave at the desired temperature of 1400 K. Then the rate 
of heat transfer required for a mole flow rate of 0.04348 kmol C 2 H 5 OH/s CO becomes 

Q = NQ = (0.04348 kmol/sX295,409 kJ/kmol) = 12,844 kJ/s 

Assuming complete combustion, the combustion equation of CH 4 (g) with stoichiometric amount of air is 

CH 4 + flth (c > 2 +3.76N 2 ) >C0 2 +2H 2 0 + 3.76fl th N 2 

where a th is the stoichiometric coefficient and is determined from the 0 2 balance, 

Thus, 


a th =1 + 1 > a th = 2 

CH 4 +2(0 2 +3.76N 2 ) >C0 2 +2H 2 0 + 7.52N 2 


The heat transfer for this combustion process is determined from the steady-flow energy balance E m - E ou{ = A Zs system 
equation as shown above under the same assumptions and using the same mini table: 

Q = ( 1 )(-393,520 + 65,27 1 - 9364) + OX-24 1,820 + 53,35 1 - 9904 ) 

+ (7.52X0 + 43,605 - 8669) - (l 74,850) - 0 - 0 

= -396,790 kJ/kmol of CH 4 


That is, 396,790 kJ of heat is supplied to the combustion chamber for each kmol of methane burned. To supply heat at the 
required rate of 12,844 kJ/s, we must burn methane at a rate of 


or, 



Q 

Q 


12,844 kJ/s 
396,790 kJ/kmol 


= 0.03237 kmolCH 4 /s 


m c r 4 = M CH ^ Nqh 4 = (l6 kg/kmol)(0. 03237 kmolCH 4 /s)= 0.5179 kg/s 


Therefore, we must supply methane to the combustion chamber at a minimum rate 0.5179 kg/s in order to maintain the 
temperature of the combustion chamber above 1400 K. 
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Chapter 16 

CHEMICAL AND PHASE EQUILIBRIUM 


PROPRIETARY AND CONFIDENTIAL 
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Kp and Equilibrium Composition of Ideal Gases 


16-2 


16- 1C They are 


k p = 


p V C p v D 

r c r D 

P V A p V B 

r A r B 


K p =e 


= e -AG*(T )/ RJ ;md K 


n v c c n v d d a 


p 




p 


\Av 


V ^ total J 


where Av = v c + v D —v A - v B • The first relation is useful in partial pressure calculations, the second in determining the K p 
from gibbs functions, and the last one in equilibrium composition calculations. 


16-2C ( a ) The equilibrium constant for the reaction CO + TQ 2 <=> C0 2 can be expressed as 



N 


CO 2 
COo 


M v co jcr v °2 

co iV o 2 


p 

V total J 


( v/ cd 2 _v co ~ v o 2 ) 


Judging from the values in Table A-28, the K p value for this reaction decreases as temperature increases. That is, the 
indicated reaction will be less complete at higher temperatures. Therefore, the number of moles of C0 2 will decrease and 
the number moles of CO and 0 2 will increase as the temperature increases. 

( b ) The value of the exponent in this case is l-l-0.5=-0.5, which is negative. Thus as the pressure increases, the term in the 
brackets will decrease. The value of K p depends on temperature only, and therefore it will not change with pressure. Then 
to keep the equation balanced, the number of moles of the products (C0 2 ) must increase, and the number of moles of the 
reactants (CO, 0 2 ) must decrease. 


16-3C ( a ) The equilibrium constant for the reaction N 2 <=> 2N can be expressed as 


K„ = 


N Vn 


N * 2 
n 2 


P 


total J 




Judging from the values in Table A-28, the K p value for this reaction increases as the temperature increases. That is, the 
indicated reaction will be more complete at higher temperatures. Therefore, the number of moles of N will increase and the 
number moles of N 2 will decrease as the temperature increases. 

( b ) The value of the exponent in this case is 2-1 = 1, which is positive. Thus as the pressure increases, the term in the 
brackets also increases. The value of K p depends on temperature only, and therefore it will not change with pressure. Then 
to keep the equation balanced, the number of moles of the products (N) must decrease, and the number of moles of the 
reactants (N 2 ) must increase. 


16-4C The equilibrium constant for the reaction CO + Tq 2 <^> C0 2 can be expressed as 


K„ = 


N Vc ° 2 

iV co 2 


^CO AT V ° 2 


Ar 00 N 

iV co iV o 


p 


total J 


( v co 2 _v cd ~ v o 2 ) 


Adding more N 2 (an inert gas) at constant temperature and pressure will increase N to ta i but will have no direct effect on other 
terms. Then to keep the equation balanced, the number of moles of the products (C0 2 ) must increase, and the number of 
moles of the reactants (CO, 0 2 ) must decrease. 
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16-5C The values of the equilibrium constants for each dissociation reaction at 3000 K are, from Table A-28, 
N 2 <=>2N<=>ln K p =-22.359 
H 2 <=> 2H <=> In K p = -3.685 (greater than - 22.359) 

Thus H 2 is more likely to dissociate than N 2 . 


16-6C (a) This reaction is the reverse of the known H 2 0 reaction. The equilibrium constant is then 
1 /Kp 

(b) This reaction is the reverse of the known H 2 0 reaction at a different pressure. Since pressure has no effect on the 
equilibrium constant, 

II K P 

(c) This reaction is the same as the known H 2 0 reaction multiplied by 3. The quilibirium constant is then 

Kp 

(d) This is the same as reaction (c) occurring at a different pressure. Since pressure has no effect on the equilibrium 
constant, 


Kp 

16-7C (a) K ph (b) \/K ph (c) K pl 2 , (d) K pU (e) \/K pl 3 . 
16-8C (a) K ph (b) ]/K ph (c) K pU (d) K pU ( e ) K pl \ 


16-9C ( a ) No, because K p depends on temperature only. 

( b ) Yes, because the total mixture pressure affects the mixture composition. The equilibrium constant for the reaction 
CO + 2 0 2 <=> C0 2 can be expressed as 


K„ = 


N Vc ° 2 

co 2 


r 


P 


\(' ; co 2 ~ v co~ v o 2 ) 


The value of the exponent in this case is l-l-0.5=-0.5, which is negative. Thus as the pressure increases, the term in the 
brackets will decrease. The value of K p depends on temperature only, and therefore it will not change with pressure. Then 
to keep the equation balanced, the number of moles of the products (C0 2 ) must increase, and the number of moles of the 
reactants (CO, 0 2 ) must decrease. 
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16-4 

16-10 The mole fractions of the constituents of an ideal gas mixture is given. The Gibbs function of the N 2 in this mixture at 
the given mixture pressure and temperature is to be determined. 

Analysis From Tables A- 18 and A-26, at 1 atm pressure, 

g * (600 K, 1 atm) = g} + a[/70T) - Ts°(T)\ 

= 0 + (17,563 - 600 x 212.066) - (8669 - 298 x 191.502) 

= -61,278 kJ/kmol 

The partial pressure of N 2 is 

P co = y N2 P = (0.30)(5 atm) = 1.5 atm 

The Gibbs function of N 2 at 600 K and 1 .5 atm is 

g (600 K, 1 . 5 atm) = g * (600 K, 1 atm) + R U T In P co 

= -61,278 kJ/kmol + (8.314 kJ/kmol)(600 K)ln(1.5 atm) 

= -59,260kJ/kmol 


30% N 2 
30% 0 2 

40% H 2 0 
5 atm 
600 K 


16-11 The temperature at which 0.2 percent of diatomic oxygen dissociates into monatomic oxygen at two pressures is to be 
determined. 

Assumptions 1 The equilibrium composition consists of N 2 and N. 2 The constituents of the mixture are ideal gases. 
Analysis ( a ) The stoichiometric and actual reactions can be written as 
Stoichiometric: N 2 <=>2N (thus v N2 =1 and v N =2) 


Actual: N 2 <=> 0.998N 2 + 0.004N 

v v 

react. prod. 


The equilibrium constant K p can be determined from 


M v N 
iV N 

( P } 

VN ^ N2 0.004 2 

f 1/101.325 

Aj v m 

iV N2 

V^total y 

0.998 

1 0.998 + 0.004; 


1.579 xlCT 7 



and 


\nK p =-15.66 


From Table A-28, the temperature corresponding to this In K p value is 

T = 3628 K 

(b) At lOkPa, 



N Vn 

iV N 

r p ] 


0.004 2 

f 10/101.325 ^ 

\T v m 

iV N2 

total y 


0.998 

1 0.998 + 0.004; 


1.579 x 10 -6 


In K p =-13.36 

From Table A-28, the temperature corresponding to this InA; value is 

T = 3909 K 
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16-12 The temperature at which 5 percent of diatomic oxygen dissociates into monatomic oxygen at a specified pressure is 
to be determined. 

Assumptions 1 The equilibrium composition consists of 0 2 and O. 2 The constituents of the mixture are ideal gases. 
Analysis The stoichiometric and actual reactions can be written as 
Stoichiometric: 0 2 <£=>20 (thus v Qi =1 and v Q =2) 

Actual: 0 2 <=> 0.950 2 +0.10 

react. prod. 

The equilibrium constant K p can be determined from 





0.1 2 ( 3 Y 1 

(195 y0.95 + 0.1, 


0.03008 


From Table A-28, the temperature corresponding to this K p value is 

T = 3133 K 


16-13 The temperature at which 5 percent of diatomic oxygen dissociates into monatomic oxygen at a specified pressure is 
to be determined. 

Assumptions 1 The equilibrium composition consists of 0 2 and O. 2 The constituents of the mixture are ideal gases. 
Analysis The stoichiometric and actual reactions can be written as 
Stoichiometric: 0 2 <£>20 (thus v Qi =1 and v Q =2) 

Actual: 0 2 0.950 2 +0.10 

react. prod. 

The equilibrium constant K p can be determined from 





o.i 2 f 6 +- 1 

0.95 [o.95 + 0.1, 


= 0.06015 


From Table A-28, the temperature corresponding to this K p value is 

T = 3152 K 
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16-14 The equilibrium constant of the reaction H 2 0 <-» 1/2H 2 + OH is listed in Table A-28 at different temperatures. It is to 
be verified at a given temperature using Gibbs function data. 

Analysis The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K p = e AG * r/ ' l/A ’' 7 ' or i n K p = -AG * (T) / R U T 

where 

AG * (T) = v U2 g H2 ( T ) + v 0 h 8 oh CO _ v h 2 o 8 h 2 o (^) 

At 298 K, 

AG* (7) = 0.5(0) + 1(34,280) - 1(-228,590) = 262,870 kJ / kmol 
Substituting, 

In K p = -(262,870 kJ/kmol)/[(8. 314 kJ/kmol • K)(298 K)] = -106. 10 
or 

K p = 8.34 x 10 -47 (Table A - 28: In K p = -106.21) 


H 2 0 V 2 H 2 + OH 
25°C 
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16-15 The equilibrium constant of the reaction H 2 0 <=> H 2 + ^0 2 is to be determined using Gibbs function. 

Analysis (a) The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K p = e ~ AG *W R u T or In K p = -AG * (T) I R U T 


where 

A G*(T) =Vm8m(T) + v 02802^) ~ v mogmo(T) 

At 1000 K, 

AG * (T) =V m g m (T) + V 02 g 0 2 CO “ v H 20 £H 2 oCO 

= V m (h — Ts) H2 +v 02(h ~^)o2 _v H2o(^ _7 Oh20 
- v H2 [(^/ + K 000 “ ^298) _ H2 
+ V 0 2[(^/ + ^1000“ ^298) 02 

“ V H20 [(^/ + ^1000 “ ^298) ~~ ^]h20 

= 1 X (0 + 29,154 - 8468 - 1000 x 166.1 14) 

+ 0.5 x (0 + 3 1,389 - 8682 - 1 000 x 243 .47 1) 

- 1 x (-241,820 + 35,882 - 9904 - 1000 x 232.597) 

= 192,629 kJ/kmol 

Substituting, 

192,629 kJ/kmol 



In K p = 


(8. 3 14 kJ/kmol • K)(1000 K) 


= - 23.17 


or 


-1 1 


K p =8.66x10“ A1 (Table A -28: In K p =-23.16) 

At 2000 K, 

AG * (T) = v m g m (O + ^ 02<?02 CO “ v mog mo CO 

= v H2 (^ ~Ts)m + v 02 (h -Ts ) 02 -VmoV 1 - ^Oh20 

= V H2 [(/7y + /? 200 o “ ^298) “ ^]h2 

+ V 02 \ihf + 

^2000 ^298) -m 02 

“ V H20 [(^/ + ^2000 ~ ^29 8 ) “ ^]h20 

= 1 X (0 + 61,400 - 8468 - 2000 x 188.297) 

+ 0.5 x (0 + 67,88 1 - 8682 - 2000 x 268.655) 

- 1 x (-241,820 + 82,593 - 9904 - 2000 x 264.571) 

= 135,556 kJ/kmol 

Substituting, 

InA:,, = -(135,556 kJ/kmol)/ [(8. 3 14 kJ/kmol • K)(2000 K)] =-8.15 
or 


Kp =2.88x10 


-4 


(Table A -28: lnA^ =-8.15) 
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16-16 The reaction C + 0 2 <=> C0 2 is considered. The mole fraction of the carbon dioxide produced when this reaction 
occurs at al atm and 3800 K are to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , C and 0 2 . 2 The constituents of the mixture are ideal gases. 
Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: C + 0 2 <=^>C0 2 (thus v c =1, v 02 =1, and v C o 2 = 1) 

Actual: C + 0 2 >xC + y0 2 + zC0 2 

react. products 

C balance: l = x + z >z = 1 — x 



O balance: 

Total number of moles: 


2 = 2y + 2z > y = 1- z = l-(l- x) = x 

^ total =X+y + Z = l + x 


The equilibrium constant relation can be expressed as 


k p = 


M V C 02 
iy CQ2 


f p \ ( V C02~ V C ~ v Ol) 


N C N 02 y iy total J 

From the problem statement at 3800 K, In K p = -0.461 . Then, 


N t 


K p = exp(-0.461) = 0.6307 


Substituting, 


0.6307 


<\-x) ( 1 N 
(x)(x) yi + x) 


i-i-i 


Solving for x, 

jc = 0.7831 


Then, 

y — x — 0.783 1 
z= 1 -jc = 0.2169 

Therefore, the equilibrium composition of the mixture at 3800 K and 1 atm is 
0.7831C + 0.7831O 2 +0.2169CO 2 
The mole fraction of carbon dioxide is 


^002 ~ 


N 


C02 


N 


total 


0.2169 
1 + 0.7831 


0.1216 
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16-17 A gaseous mixture consisting of methane and carbon dioxide is heated. The equilibrium composition (by mole 
fraction) of the resulting mixture is to be determined. 

Assumptions 1 The equilibrium composition consists of CH 4 , C, H 2 , and C0 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: CH 4 <=>C + 2H 2 (thus v CH4 =1, v c =1, and v H2 =2) 
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16-18 The dissociation reaction C0 2 <=> CO + O is considered. The composition of the products at given pressure and 
temperature is to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, and O. 2 The constituents of the mixture are ideal gases. 
Analysis For the stoichiometric reaction C0 2 <=> CO + ^ 0 2 , from Table A-28, at 2500 K 

In K p =-3.331 

For the oxygen dissociation reaction 0.5O 2 « O , from Table A-28, at 2500 K, 

In K p =-8.509/2 = -4.255 

For the desired stoichiometric reaction C0 2 <=>C0 + 0 (thus v CC)2 = 1> v co = 1 and =1), 
lnA^ =-3.331-4.255 = -7.586 
and 

K p = exp(-7.586) = 0.0005075 



Actual: 


C balance: 


C0 2 »vC0 2 + yCO + zO 

react. products 

1 = v + y > y = l-x 


O balance: 


2 = 2x + y + z > z = 1 — x 


Total number of moles: A/ total = x+ y + z = 2-x 

The equilibrium constant relation can be expressed as 


k p = 


M V C O AT y O 

iy co iV o 


Ko2 V ^ total J 


P 


\ 1/Q3 +V Q V CQ2 


Substituting, 


0.0005075 = 


(l-x)(l-x) 


x 


x 1 + 1-1 


2 — x 


Solving for x, 

x = 0.9775 

Then, 

y= 1 -x = 0.0225 
z=l-x = 0.0225 

Therefore, the equilibrium composition of the mixture at 2500 K and 1 atm is 

0.9775CO 2 +0.0225CO +0.02250 
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16-19 The reaction N 2 + 0 2 <^=> 2NO is considered. The equilibrium mole fraction of NO 1800 K and 1 atm is to be 
determined. 

Assumptions 1 The equilibrium composition consists of N 2 , 0 2 , and NO. 2 The constituents of the mixture are ideal gases. 
Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: N 2 +0 2 <=>2NO (thus v N2 =1, v Q2 =1, and v NO =2) 


Actual: 


N balance: 


N 2 +0 2 


-xN 2 + yO 2 + zNQ 

' 2Z7 ' products 


2 = 2x + z 


z = 2-2x 


N 2 , 0 2 

1800 K 
1 atm 


O balance: 


2 = 2y + z 


y = x 


Total number of moles: 7V total = x+ y + z = 2 

The equilibrium constant relation can be expressed as 


k p = 


f P 

KfKl U‘otal 


( v NO _l/ N2 _l/ 02) 


From Table A-28, at 1800 K, In K p = -4.536 . Since the stoichiometric reaction being considered is double this reaction, 
K d = exp(-2 x 4.536) = 1. 148 xio -4 


Substituting, 


1.148x10-^ (2 -f 2 

x 2 UJ 


Solving for x, 


x = 0.9947 


Then, 


y = v = 0.9947 
z = 2- 2 jc = 0.010659 

Therefore, the equilibrium composition of the mixture at 1000 K and 1 atm is 
0.9947 N 2 + 0.9947 0 2 +0.010659 NO 
The mole fraction of NO is then 

, NO =^ = 2 ^ = 0.00533 
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16-20E The equilibrium constant of the reaction H 2 + l/20 2 <-» H 2 0 is listed in Table A-28 at different temperatures. The 
data are to be verified at two temperatures using Gibbs function data. 

Analysis {a) The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K p = e“ AG * r/)/W " 7 ' or In K p = -AG *(T)/R U T 

where 

AG * (7) = v H2 q 8 h 2 o CO _ v h 2 8 h 2 CO _ v o 2 £ o 2 CO 
At 537 R, 

AG* (7) = 1(— 98,350) - 1(0) - 0.5(0) = -98,350 Btu / lbmol 
Substituting, 

In K p = -(-98,350 Btu / lbmol) / [(1 .986 Btu / lbmol • R)(537 R)] = 92.22 



or 


K p = 1.12 x 10 40 (Table A - 28: In K p = 92.21) 


(/?) At 3240 R, 

AG * (7) = v H2 o g h 2 o (O - v H 2 g * 2 (7) - v 02 g o 2 (O 

= v H 2 o( h _7 T)h 2 0 _v/ h 2 (^ 7 _7 Oh 2 ~ v 0 2 (h _ ^)o 2 

= v H 2 oP/ +^4320“ ^ 537 ) _7 ^]h 2 0 

- V H 2 P/ + ^4320 “ ^298) “ ^]h 2 
~ V'o, P/ + ^4320 “ ^298) “ ^]o 2 

= 1 X (-104,040 + 31,205 - 4258 - 3240 x 61.948) 

- 1 x (0 + 23,485 - 3640.3 - 3240 x 44.125) 

- 0.5 x (0 + 25,972 - 3725.1 - 3240 x 63.224) 

= -63,385 Btu/lbmol 


Substituting, 


I _ -63,385 Btu/lbmol 

II p ~ (1.986 Btu/lbmolR)(3 240 R) 


9.851 


or 

K p =1.90x 10 4 (Table A - 28 :ln =9.826) 

Discussion Solving this problem using EES with the built-in ideal gas properties give K p = 1.04xl0 40 for part {a) and K p = 
18,692 for part (b). 
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16-21 The equilibrium constant of the reaction CO + l/20 2 <-» C0 2 at 298 K and 2000 K are to be determined, and 
compared with the values listed in Table A-28. 

Analysis {a) The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K p = e“ AG * r/)/W " 7 ' or In K p = -AG *(T)/R U T 

where 

AG * (T) = V C Q2 g C02 (T) _ v CO £ CO CO ~ v 02 8 02 (O 
At 298 K, 

AG*(T) = l(-394,360)-l(-137, 150) -0.5(0) = -257,210 kJ/kmol 
where the Gibbs functions are obtained from Table A-26. Substituting, 



In K p 


(-257,210 kJ/kmol) 
(8.314 kJ/kmol -K)(298K) 


103.81 


From Table A-28: ^^=103.76 


(b) At 2000 K, 

A G*(T) = Vco 28 co 2 (T)- y co 8 co(T)-Vo 2 go 2 (T) 

- v C02 _ C02 _ ^CO “ Ts) CO~ v 02 _ 02 

= l[(-302,128) - (2000)(309.00)]- 1[(— 53, 826) - (2000)(258.48)]- 0.5[(59,193) - (2000)(268.53)] 
= -110,409 kJ/kmol 

The enthalpies at 2000 K and entropies at 2000 K and 101.3 kPa (1 atm) are obtained from EES. Substituting, 

, ^ (-110,409 kJ/kmol) 

In K n = = 6.64 

p (8. 3 14 kJ/kmol- K)(2000 K) 


From Table A-28: 

In K p =6.635 
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16-22 “ The effect of varying the percent excess air during the steady-flow combustion of hydrogen is to be studied. 
Analysis The combustion equation of hydrogen with stoichiometric amount of air is 

H 2 +0.5[o 2 +3.76N 2 ] >H 2 0 + 0.5(3.76) N 2 

For the incomplete combustion with 100% excess air, the combustion equation is 

H 2 +(1 + £cX0.5)[o 2 +3.76N 2 ] >0.97H 2 O + aH 2 +b0 2 +c N 2 

The coefficients are to be determined from the mass balances 

Hydrogen balance: 2 = 0.97 x2+ax2 > a = 0.03 

Oxygen balance: (l + Ex)x 0.5x2 = 0.97 + Z?x2 

Nitrogen balance: (l + £jt)x 0.5x3.76x2 — cx2 

Solving the above equations, we find the coefficients (Ex = 1, a = 0.03 b = 0.515, c = 3.76) and write the balanced reaction 
equation as 

H 2 +[o 2 +3.76N 2 ] » 0.97 H 2 0 + 0.03 H 2 +0.515O 2 +3.76 N 2 

Total moles of products at equilibrium are 

N tot = 0.97 + 0.03 + 0.5 15 + 3.76 = 5.275 
The assumed equilibrium reaction is 


h 2 o* 


aH 2 +0.5O 2 


The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 


K p = e AG * r/ ' )/A ’. 7 ' or ln Kp = _ AG *(d/ RJ 


where 


AG * (T) - v m g m (^prod ) + V 02 8 02 Copied ) V H 20 ^ H 20 (^prod ) 
and the Gibbs functions are defined as 

£ H2 (Tprod ) = (^ 7 _ ^prod^) H2 
£02 (Tprod ) = (^ 7 _ ^prod^)o2 
£H2o(^prod) = V 1 ~ ^prod*^) H20 

The equilibrium constant is also given by 


K p = 


( p ^ 

1+0.5-1 

ab 0 5 _ 

f 1 ^ 

V N tot y 


0 . 97 1 

1 5.275 J 


(0.03)(0.5 15) 0 - 5 
097 


= 0.009664 


and 


ln K n = ln(0. 009664) = ^4.647 


The corresponding temperature is obtained solving the above equations using EES to be 

r prod =2600K 

This is the temperature at which 97 percent of H 2 will burn into H 2 Q. The copy of EES solution is given next. 


"Input Data from parametric table:" 

{PercentEx = 10} 

Ex = PercentEx/1 00 "EX = % Excess air/1 00" 

P_prod =101.3"[kPa]" 
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R_u=8.314 "[kJ/kmol-K]" 

"The combustion equation of H2 with stoichiometric amount of air is 
H2 + 0.5(02 + 3.76N2)=H20 +0.5(3.76)N2" 

"For the incomplete combustion with 100% excess air, the combustion equation is 
H2 + (1+EX)(0.5)(O2 + 3.76N2)=0.97 H20 +aH2 + b02+cN2" 

"Specie balance equations give the values of a, b, and c." 

"H, hydrogen" 

2 = 0.97*2 + a*2 
"O, oxygen" 

(1+Ex)*0. 5*2=0. 97 + b*2 
"N, nitrogen" 

(1 +Ex)*0.5*3.76 *2 = c*2 

N_tot =0.97+a -i-b +C "Total kilomoles of products at equilibrium" 

"The assumed equilibrium reaction is 
H2O=H2+0.5O2" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 
each H2mponent in the product gases as a function of its temperature, T_prod, 
at 1 atm pressure, 1 01 .3 kPa" 

g_H20=Enthalpy(H20,T=T_prod )-T_prod *Entropy(H20,T=T_prod ,P=101 .3) 
g_H2=Enthalpy(H2,T=T_prod )-T_prod *Entropy(H2,T=T_prod ,P=101.3) 
g_02=Enthalpy(02,T=T_prod )-T_prod *Entropy(02,T=T_prod ,P=101.3) 

"The standard-state Gibbs function is" 

DELTAG =1 *g_H2+0.5*g_O2-1 *g_H20 
"The equilibrium constant is given by Eq. 15-14." 

K_P = exp(-DELTAG /(R_u*T_prod )) 

P=P_prod /1 01 ,3"atm" 

"The equilibrium constant is also given by Eq. 15-15." 

"K_ P = (P/N_tot) A (1 +0.5-1 )*(a A 1 *b A 0.5)/(0.97 A 1 )" 
sqrt(P/N_tot )*a *sqrt(b )=K_P *0.97 
lnK_p = ln(k_P) 



In K p 

PercentEx 

[%] 

Tprod 

[K] 

-5.414 

10 

2440 

-5.165 

20 

2490 

-5.019 

30 

2520 

-4.918 

40 

2542 

-4.844 

50 

2557 

-4.786 

60 

2570 

-4.739 

70 

2580 

-4.7 

80 

2589 

-4.667 

90 

2596 

-4.639 

100 

2602 
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16-23 The equilibrium constant of the reaction CH 4 + 20 2 C0 2 + 2H 2 0 at 25 °C is to be determined. 

Analysis The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 

K p = e“ AG * r/)/W " 7 ' or In K p = -AG * (T) / R U T 

where 

A G*(T) =Vco 2 8co 2 (^) + v h 2 o8h 2 o(^~ v ch 4 8ch 4 (^)~ v o 2 8o 2 CO 

At 25°C, 

AG* (7) = l(-394,360) + 2(-228,590) - 1(-50,790) - 2(0) = -800,750 kJ / kmol 
Substituting, 

In K p = -(-800,750 kJ/kmol)/[(8. 3 14 kJ/kmol- K)(298 K)] = 323.04 
or K p = 1.96 xlO 140 


CH 4 + 20 2 <-> C0 2 + 2H 2 0 
25 °C 


16-24 The equilibrium constant of the reaction C0 2 <-» CO + l/20 2 is listed in Table A-28 at different temperatures. It is to 
be verified using Gibbs function data. 

Analysis (a) The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K p =e~ AGA:(r)IRJ or \nK p = —AG*(T)/R u T 

where AG * (T) = v co 8co (O + ^o 2 8o 2 ( T ) ~ v co 2 8c o 2 CO 
At 298 K, 

AG * (T) = 1( — 137,150) + 0.5(0) - 1(-394,360) = 257,210 kJ/kmol 
Substituting, 

In K p = -(257,210 kJ/kmol )/[(8. 3 14 kJ/kmol • K)(298 K)] =-103.81 

or K p =8.24xl0 46 (Table A -28: In K p =-103.76) 

(b) At 1800 K, 

A G*(0 = Vco£coCO + v o 2 8o 2 (^)~ v co 2 8co 2 (O 

- v co ““ Ts) co +v o 2 V 1 ~ Ts) o 2 ~ v co 2 _ Ts) co 2 

= v Co[(hf + ^1800“ ^298) CO 

+ v 0 2 [(hf + ^1800“ ^298) _ ^']o 2 
~ V C0 2 + ^1800“ ^298) ~^ r ]c0 2 

= 1 X (- 1 1 0,530 + 58,19 1 - 8669 - 1 800 x 254.797) 

+ 0.5 x (0 + 60,37 1 - 8682 - 1 800 x 264.70 1) 

- 1 x (-393,520 + 88,806 - 9364 - 1800 x 302.884) 

= 127,240.2 kJ/kmol 

Substituting, In = -(127,240.2 kJ/kmol)/[(8. 3 14 kJ/kmol • K)(l 800 K)] = -8.502 

or K p =2.03xl0 4 (TableA-28: In K p =-8.497) 


C0 2 <-» CO + V 2 O 2 
298 K 
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16-25 



Carbon monoxide is burned with 100 percent excess air. The temperature at which 97 percent of CO burn to 


C0 2 is to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, 0 2 , and N 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis Assuming N 2 to remain as an inert gas, the stoichiometric and actual reactions can be written as 
Stoichiometric: C0 + ^0 2 ©=>C0 2 (thus v co =1, v co =l, and v Q = 4) 

Z 2 2 Z 


Actual: 


C0 + 1(0 2 +3.76N 2 ) > 0.97CO 2 + 0.03CO + 0.515O 2 +3.76N 2 


product 


reactants 


inert 


The equilibrium constant K p can be determined from 



AJ V c °2 / \ (* / C0 2 ~ V CO~ v O'> ) 

co 2 r 


CO + V 2 O 2 ^ C0 2 


97% 
1 atm 


0.03 x 0.5 15 0 - 5 1 0.97 + 0.03 + 0.515 + 3.76 
= 103.5 


/ 


and 


lnA^ =4.639 


From Table A-28, the temperature corresponding to this K p value is T - 2276 K 
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16-26 



Problem 16-25 is reconsidered. The effect of varying the percent excess air during the steady-flow process 


from 0 to 200 percent on the temperature at which 97 percent of CO burn into C02 is to be studied. 
Analysis The problem is solved using EES, and the solution is given below. 


"To solve this problem, we need to give EES a guess value for T_prop other than 
the default value of 1 . Set the guess value of T_prod to 1 000 K by selecting Variable 
Information in the Options menu. Then press F2 or click the Calculator icon." 

"Input Data from the diagram window:" 

{PercentEx = 100} 

Ex = PercentEx/1 00 "EX = % Excess air/1 00" 

P_prod =101.3 [kPa] 

R_u=8.314 [kJ/kmol-K] 
f=0.97 


"The combustion equation of CO with stoichiometric amount of air is 
CO + 0.5(02 + 3.76N2)=C02 +0.5(3. 76)N2" 

"For the incomplete combustion with 100% excess air, the combustion equation is 
CO + (1 +EX)(0.5)(O2 + 3.76N2)=0.97 C02 +aCO + b02+cN2" 

"Specie balance equations give the values of a, b, and c." 

"C, Carbon" 

1 = f + a 
"O, oxygen" 

1 +(1+Ex)*0.5*2=f*2 + a *1 + b*2 
"N, nitrogen" 

(1+Ex)*0.5*3.76 *2 = c*2 

N_tot =f+a +b +c "Total kilomoles of products at equilibrium" 

"The assumed equilibrium reaction is CO2=CO+0.5O2" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 
each component in the product gases as a function of its temperature, T_prod, 
at 1 atm pressure, 1 01 .3 kPa" 

g_C02=Enthalpy(C02,T=T_prod )-T_prod *Entropy(C02,T=T_prod ,P=1 01 .3) 
g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=101.3) 
g_02=Enthalpy(02,T=T_prod )-T_prod *Entropy(02,T=T_prod ,P=101.3) 

"The standard-state Gibbs function is" 

DELTAG =1 *g_CO+0.5*g_O2-1 *g_C02 

"The equilibrium constant is given by Eq. 15-14." 

K_P = exp(-DELTAG /(R_u*T_prod )) 

P=P_prod /1 01 ,3"atm" 

"The equilibrium constant is also given by Eq. 15-15." 

"K_ P = (P/N_tot) A (1 +0.5-1 )*(a A 1 *b A 0.5)/(0.97 A 1 )" 

sqrt(P/N_tot )*a *sqrt(b )=K_P *f 
InKp = ln(k_P) 

"Compare the value of lnK_p calculated by EES with the value of lnK_p from table A-28 in the text." 
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PercentEx 

[%] 

Tprod 

[K] 

0 

2065 

20 

2193 

40 

2230 

60 

2250 

80 

2263 

100 

2272 

120 

2279 

140 

2285 

160 

2289 

180 

2293 

200 

2296 
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16-27E Carbon monoxide is burned with 100 percent excess air. The temperature at which 97 percent of CO burn to C0 2 is 
to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, 0 2 , and N 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis Assuming N 2 to remain as an inert gas, the stoichiometric and actual reactions can be written as 
Stoichiometric: C0 + ^0 2 <=>C0 2 (thus v co =1, v co =l, and v Q = ~) 

Z. 2 2 Z 


Actual: 


C0 + 1(0 2 +3.76N 2 ) 


-> 0.97CO 2 + 0.03CO + 0.515O 2 + 3.76N 2 


product 


reactants 


inert 


The equilibrium constant K p can be determined from 



N 


CO 2 
CO, 


^co yw K o 2 

iV co iV o 2 


p 




V ^ total J 


( v co 2 ~ v co~ v o 2 ) 


0.97 f 1 } 

~ 0.03 x 0.5 15 05 1 0.97 + 0.03 + 0.515 + 3.76 , 
= 103.5 


and 


CO + Z 2 O 2 C0 2 
91% 

1 atm 


In K p =4.639 

From Table A-28, the temperature corresponding to this K p value is T = 2276 K = 4097 R 
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16-28 Air is heated to a high temperature. The equilibrium composition at that temperature is to be determined. 
Assumptions 1 The equilibrium composition consists of N 2 , 0 2 , and NO. 2 The constituents of the mixture are ideal gases. 
Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: ^N 2 +^02 <=> NO (thus v NO =1, v N ^ =j-, and v Qi =■-) 


Actual: 


3.76N 2 + 0 2 


> xN0 + _yN 2 + z0 2 

prod. 


reactants 

N balance: 7.52 = x + 2 y or y = 3.76 - 0.5x 

O balance: 2 = x + 2z or z = 1 - 0.5x 

Total number of moles: N t0 ta i = x + y + z = x + 4.76- x = 4.76 

The equilibrium constant relation can be expressed as 


K P = 


ArN° 

iV NO 


f p \( v no-^n 2 ~ v o 2 ) 


• V N 2 \T V 0 2 


NJ 2 N 


N 




V ^ total J 


From Table A-28, In K p = -3.931 at 2000 K. Thus K p = 0.01962. Substituting, 


0.01962 = 


x 


r ^ \ 1-1 


(3.76 - 0.5x)°' 5 (1 - 0.5x)°' 5 


4.76 



Solving for x, 

x = 0.0376 

Then, 

_y = 3.76-0.5x = 3.7412 
z= l-0.5x = 0.9812 

Therefore, the equilibrium composition of the mixture at 2000 K and 2 atm is 
0.0376NO + 3.7412N 2 +0.9812O 2 

The equilibrium constant for the reactions 0 2 <=> 20 (In K p = -14.622) and N 2 <=> 2N (In K p = -41.645) are much smaller 

than that of the specified reaction (In K p = -3.931). Therefore, it is realistic to assume that no monatomic oxygen or nitrogen 
will be present in the equilibrium mixture. Also the equilibrium composition is in this case is independent of pressure since 
Av= 1-0.5 — 0.5 = 0. 
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16-29 Hydrogen is heated to a high temperature at a constant pressure. The percentage of H 2 that will dissociate into H is to 
be determined. 

Assumptions 1 The equilibrium composition consists of H 2 and H. 2 The constituents of the mixture are ideal gases. 
Analysis The stoichiometric and actual reactions can be written as 
Stoichiometric: H 2 <=y> 2H (thus v H2 =1 and v H = 2) 

Actual: H 2 > xH 2 + yH 

react. prod. 

H balance: 2 = 2 x + y or y = 2 - 2x 

Total number of moles: N {ota \ = x + y = x + 2~2x=2~x 

The equilibrium constant relation can be expressed as 




nh h r p Y n ,,n2 

A^” 2 l^total. 


From Table A-28, In K p = 0.202 at 3800 K. Thus K p = 1.224. Substituting, 


(2 - 2x) 


2- x 


Solving for x, 

x = 0.7599 


Thus the percentage of H 2 which dissociates to H at 3200 K and 5 atm is 
1 - 0.7599 = 0.240 or 24 . 0 % 
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16-30 Carbon dioxide is heated to a high temperature at a constant pressure. The percentage of C0 2 that will dissociate into 
CO and 0 2 is to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, and 0 2 . 2 The constituents of the mixture are ideal gases. 
Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: C0 2 <=>C0 + ^0 2 (thus v co =1, v co =l, and v Q =^) 

*2 2 2 Z 

Actual: C0 2 > xC0 2 + yCO-i- z0 2 

react. products 

C balance: l = x+y >y = l-x 

O balance: 2 = 2x + y + 2z »z = 0.5-0.5x 



Total number of moles: 7V total = x + y + z = 1.5 — 0.5x 

The equilibrium constant relation can be expressed as 


k p = 




/V 1/(10 2 
iV CO 0 


p 


V ^total J 


( v co +v o 2 ~ v co 2 ) 


From Table A-28, In K p =-3.860 at 2400 K. Thus K p =0.02107 


Substituting, 


0.02107 


(1-jc)(0.5-0.5jc) 


1/2 




1.5-0.5X 


y.5-i 


SoWmg for x, 

x = 0.936 

Thus the percentage of C0 2 which dissociates into CO and 0 2 is 
1-0.936 = 0.064 or 6 . 4 % 
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16-31 A mixture of CO and 0 2 is heated to a high temperature at a constant pressure. The equilibrium composition is to be 
determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, and 0 2 . 2 The constituents of the mixture are ideal gases. 
Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: C0 2 <=>C0 + ^0 2 (thus v co =1, v co =l, and v Q = ~) 

z- 2 2 Z 

Actual: C0 + 30 2 > xC0 2 + yCO-r z0 2 

react. products 

C balance: 1 = x + y > y = l-x 



O balance: 


1 = 2x + y + 2z or z = 3 - 0.5.x 


Total number of moles: 7V total = x + y + z = 4- 0.5.x 

The equilibrium constant relation can be expressed as 


AT = 


J\f Vc °2 

iV co 2 


JSJ v o o iy v °2 
CO iV o 2 


P 


V ^ total J 


( v co 2 _v cd _v o 2 ) 


From Table A-28, In K p =5.120 at 2200 K. Thus K p =167.34. Substituting, 


167.34 = 




(1 — jc)(3 - 0.5jc) 


0.5 


4-0.5jc 


X 1-1.5 


Solving for x, 

x = 0.995 

Then, 

v =1 - x = 0.005 
z = 3 - 0.5x = 2.5025 

Therefore, the equilibrium composition of the mixture at 2200 K and 2 atm is 

0.995CO 2 + 0.005CO + 2.5025O 2 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 




16-25 


16-32 A mixture of N 2 , 0 2 , and Ar is heated to a high temperature at a constant pressure. The equilibrium composition is to 
be determined. 

Assumptions 1 The equilibrium composition consists of N 2 , 0 2 , Ar, and NO. 2 The constituents of the mixture are ideal 
gases. 

Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: ^N 2 +^02 <=> NO (thus v NO =1, v N ^ =j, and v 0 , =\) 


Actual: 


N balance: 


3N 2 + 0 2 +0.1 Ar 


6 = x + 2y 


-> xNO + _yN 2 + z0 2 +0.1 Ar 

prod. reactants inert 

— > y = 3- 0.5x 



O balance: 


2 = x + 2z 


z = 1 - 0.5x 


Total number of moles: 7V total = x + y + z + 0.1 = 4.1 

The equilibrium constant relation becomes, 


k p = 


M V N° 

iV NO 


f p \( v no- v n 2 - v o 2 ) 


X 


/ X 1-0.5-0.5 

' P 


/V 5 


V ^ total J 


From Table A-28, In K p = —3.019 at 2400 K. Thus K p =0.04885. Substituting, 


0.04885 


(3 - 0.5 jc)° 5 (1 - 0.5jc)° 5 


Solving for x, 

x = 0.0823 

Then, 

y = 3 - 0.5x = 2.9589 
z = 1 - 0.5x = 0.9589 

Therefore, the equilibrium composition of the mixture at 2400 K and 10 atm is 

0.0823NO + 2.9589N 2 +0.9589O 2 +0.1Ar 
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16-33 The mole fraction of sodium that ionizes according to the reaction Na <=> Na + + e~ at 2000 K and 0.8 atm is to be 
determined. 

Assumptions All components behave as ideal gases. 

Analysis The stoichiometric and actual reactions can be written as 

Stoichiometric: Na <=> Na + +e~ (thus v Na =1, v Na+ =1 andv e . =1) 

Actual: Na > vNa + yNa + + _ye - 

react. products 



Na balance: 1 = x + y or y = l — x 

Total number of moles: Af total = x + 2y = 2-x 

The equilibrium constant relation becomes, 


K P = 


N&'N. 


iu v m 

iV Na 


P 


V total J 


(v + +v_ .-v Na ) 


Na 


y 


X 


p 


\ 1 + 1-1 


V ^ total J 


Substituting, 


0.668 


d -^) 2 


f 

V 


0.8 

2- x y 


Solving for x, 

x = 0.3254 

Thus the fraction of Na which dissociates into Na + and e’ is 
1 - 0.3254 = 0.6746 or 67.5% 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 




16-27 


16-34E A steady-flow combustion chamber is supplied with CO and 0 2 . The equilibrium composition of product gases and 
the rate of heat transfer from the combustion chamber are to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, and 0 2 . 2 The constituents of the mixture are ideal gases. 

Analysis (a) We first need to calculate the amount of oxygen used per lb mol of 
CO before we can write the combustion equation, 


v 


CO 


RT (0.3831 psia -i 3 /lbm - R)(560 R) 1<1(11a3 „ u 

= = = 13.41 it /lbm 

P 16 psia 


l/, 


m co ~ 


CO 


12.5 £ /min 


= 0.932 lbm/min 


v, 


CO 13.41ft /lbm 
Then the molar air-fuel ratio becomes (it is actually 0 2 -fuel ratio) 


CO 


100°F 

Combustion 

chamber 

o 2 

16 psia 

77°F 



3600 R 

► 


CO 

co 2 

0 2 


AF = 


N 


o- 


N 


fuel 


th o 2 

'«fue 1 


'Mq 2 

i 


(0.7 lbm/min)/ (32 lbm/lbmol) 10 nu , 

= 0.657 lbmol0 9 /lbmolfiiel 

(0.932 lbm/min)/(28 lbm/lbmol) 


Then the combustion equation can be written as 


CO + 0.657O 2 > xC0 2 + ( 1 - x)CO + (0.657 - 0.5x)O 2 

The equilibrium equation among C0 2 , CO, and 0 2 can be expressed as 
CO 2 <=>CO + To 2 (thus v COo =1, v co =1, and =\) 

and 


K n = 


JSJ V CO J\T V ‘ 

iV co iV o 


o 2 


N Vc °2 

iV C0 2 


p 


V N total J 


( y CO +v 0 2 ~ V CQ2^ 


where 

TVtotai =x + (l-x) + (0.657 - 0.5x) = 1.657 - 0.5x 
P= 16/14.7 = 1.088 atm 

From Table A-28, lnA^ =-6.635 at T = 3600 R = 2000 K. Thus K p =1.314xl0 -3 . Substituting, 


1 314 x 10- 3 = ( 1 -^X Q .657-0.5x) 0 - 5 r 1.088 

x y 1.657 -0.5x y 

Solving for x, 

x = 0.9966 

Then the combustion equation and the equilibrium composition can be expressed as 


CO + 0.657O 2 > 0.9966CO 2 + 0.0034CO + 0.1 5870 2 

and 

0.9966CO 2 + 0.0034CO + 0.1587O 2 


(b) The heat transfer for this combustion process is determined from the steady -flow energy balance E m - E out = AE system 
on the combustion chamber with W = 0, 

- Sou, = X N P (a; + h - h° ) p - £. Nr (a; +h- h° ) R 

Assuming the air and the combustion products to be ideal gases, we have h = h{T). From the tables, 
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Substance 

hf 

Btu/lbmol 

^537R 

Btu/lbmol 

^560R 

Btu/lbmol 

^3600R 

Btu/lbmol 

CO 

-47,540 

3725.1 

3889.5 

28,127 

o 2 

0 

3725.1 

— 

29,174 

co 2 

-169,300 

4027.5 

— 

43,411 


Substituting, 

- Suit = 0.9966( - 1 69,3 00 + 43,4 1 1 - 4027.5) 
+ 0.0034( -47,540 + 28,127 - 3725.1) 
+ 0.1587(0 + 29,174-3725.1) 

_ l(-47,540 + 3889.5 - 3725.1) - 0 
= -78,139 Btu / lbmol of CO 

or Qo ut =78,139 Btu / lbm of CO 


The mass flow rate of CO can be expressed in terms of the mole numbers as 


N = 


m 

M 


0.932 lbm / min 
28 lbm / lbmol 


= 0.0333 lbmol / min 


Thus the rate of heat transfer is 


2 out = N x Q out = (0.0333 lbmol/minX78,139 Btu/lbmol)= 2602 Btu/min 
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16-35 Liquid propane enters a combustion chamber. The equilibrium composition of product gases and the rate of heat 
transfer from the combustion chamber are to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , r u 

CO 

1200 K C0 2 

► h 2 o 

o 2 

n 2 


where a ih is the stoichiometric coefficient and is determined from the 
0 2 balance, 


H 2 0, CO, N 2 , and 0 2 . 2 The constituents of the mixture are ideal 

► 


gases. 

25 °C 

Combustion 

Analysis {a) Considering 1 kmol of C 3 H 8 , the stoichiometric 
combustion equation can be written as 


chamber 

Air 

2 atm 

C 3 H 8 C0 + a th (O 2 +3.76N 2 ) >3C0 2 + 4H 9 0 + 3.76a th N 2 

12°C 



2.5a th = 3 + 2 + 1. 5a th > a th =5 

Then the actual combustion equation with 150% excess air and some CO in 
the products can be written as 

C 3 H 8 (f) + 12.5(0 2 + 3.76N 2 ) > xC0 2 + (3 - x)CO + (9 - 0.5x)O 2 + 4H 2 0 + 47N 2 

After combustion, there will be no C 3 H 8 present in the combustion chamber, and H 2 0 will act like an inert gas. The 
equilibrium equation among C0 2 , CO, and 0 2 can be expressed as 

COo <=>CO + iQ 2 (thus i' C o 2 =1, v co =1, and v 0i 


and 


k p = 


]\f V CO AT Vl 

iV co iV o 


o 2 


N Vc °2 

iV co 2 


P 


V N total J 


( V C0 +V 0 2 ~ V CQ2^ 


where 


Af total = x + (3 - x) + (9 - 0.5x) + 4 + 47 = 63 - 0.5x 
From Table A-28, lnK p =-17.871 at 1200 K. Thus A' p =1.73xl0 -8 . Substituting, 

1 73xio-8 _ (3 ~ x )(9 ~ 0-5x)°' 5 ( 2 V" 1 

x v63-0.5xy 

Solving for x, 

x = 2.9999999 = 3.0 

Therefore, the amount CO in the product gases is negligible, and it can be disregarded with no loss in accuracy. Then the 
combustion equation and the equilibrium composition can be expressed as 

C 3 H 8 (£) + 12.5(0 2 + 3.76N 2 ) >3C0 2 + 7.50 2 + 4H 2 0 + 47N 2 

and 

3C0 2 +7.50 2 +4H 2 0 +47N 2 

( b ) The heat transfer for this combustion process is determined from the steady-flow energy balance E- m - E out = A 2s tem 
on the combustion chamber with W = 0, 

- Sou, = J] Np (h} + h - h° ) p - Y, Nr (h} + h- h° ) R 

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, (The hj of liquid 
propane is obtained by adding the hf g at 25°C to hj of gaseous propane). 
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Substance 

hf 

kJ/kmol 

1*285 K 

kJ/kmol 

^298 K 

kJ/kmol 

^1200 K 

kJ/kmol 

C 3 H 8 (0 

-118,910 

— 

— 

— 

o 2 

0 

8696.5 

8682 

38.447 

n 2 

0 

8286.5 

8669 

36,777 

h 2 o (g) 

-241,820 

— 

9904 

44,380 

co 2 

-393,520 

— 

9364 

53,848 


Substituting, 

-Qout = 3( -393,520 + 53,848 - 9364) + 4(-24 1,820 + 44,380 - 9904) 
+ 7.5(0 + 38,447 - 8682) + 47(0 + 36,777 - 8669) 

- 1(- 1 1 8,9 1 0 + /z 298 - /z 298 ) - 1 2.5( 0 + 8296.5 - 8682) 

-47(0 + 8186.5-8669) 

= -185,764 kJ / kmol of C 3 H 8 


or 


Q out = 185,764 kJ / kmol of C 3 H 8 

The mass flow rate of C 3 H 8 can be expressed in terms of the mole numbers as 
m 1.2 kg / min 


N = 

M 44 kg / kmol 
Thus the rate of heat transfer is 


= 0.02727 kmol / min 


Qout =Nx Q out = (0.02727 kmol/min)(l 85,746 kJ/kmol) = 5066 kj/min 

The equilibrium constant for the reaction -f N 2 +2- 0 2 <^> NO is In K p = -7.569, which is very small. This indicates that the 
amount of NO formed during this process will be very small, and can be disregarded. 
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16-36 



Problem 16-35 is reconsidered. It is to be investigated if it is realistic to disregard the presence of NO in the 


product gases. 

Analysis The problem is solved using EES, and the solution is given below. 


"To solve this problem, the Gibbs function of the product gases is minimized. Click on the Min/Max icon." 

For this problem at 1200 K the moles of CO are 0.000 and moles of NO are 0.000, thus we 
can disregard both the CO and NO. However, try some product temperatures above 1286 K 
and observe the sign change on the Q_out and the amout of CO and NO present as the 
product temperature increases." 

"The reaction of C3H8(liq) with excess air can be written: 

C3H8(I) + (1+Ex)A_th (02+3.76N2) = a C02 + b CO + c H20 + d N2 + e 02 + f NO 

The coefficients A_th and EX are the theoretical oxygen and the percent excess air on a decimal 
basis. Coefficients a, b, c, d, e, and f are found by minimiming the Gibbs Free Energy at a total 
pressure of the product gases P_Prod and the product temperature T_Prod. 

The equilibrium solution can be found by applying the Law of Mass Action or by minimizing the Gibbs function. 

In this problem, the Gibbs function is directly minimized using the optimization capabilities built into EES. 

To run this program, click on the Min/Max icon. There are six compounds present in the products subject to four 
specie balances, so there are two degrees of freedom. Minimize the Gibbs function of the product gases with 
respect to two molar quantities such as coefficients b and f. The equilibrium mole numbers a, b, c, d, e, and f 
will be determined and displayed in the Solution window." 

PercentEx = 1 50 [%] 

Ex = PercentEx/1 00 "EX = % Excess air/100" 

P_prod =2*P_atm 
T_Prod=1200 [K] 
m dot fuel = 0.5 [kg/s] 

Fuel$- C3H8' 

T_air= 12+273 "[K]" 

T fuel = 25+273 "[K]" 

P_atm = 101.325 [kPa] 

R_u=8.314 [kJ/kmol-K] 

"Theoretical combustion of C3H8 with oxygen: 

C3H8 + A_th 02 = 3 C02 + 4 H20 " 

2*A_th = 3*2 + 4*1 

"Balance the reaction for 1 kmol of C3H8" 

"C3H8(I) + (1+Ex)A_th (02+3.76N2) = a C02 + b CO + c H20 + d N2 + e 02 + f NO" 
bmax = 3 

fmax = (1 +Ex)*A_th*3.76*2 

e_guess=Ex*A_th 

1*3 = a*1+b*1 "Carbon balance" 

1*8=c*2 

"Hydrogen balance" 

(1 +Ex)*A_th*2=a*2+b*1 +c*1 +e*2+f*1 "Oxygen balance" 

(1+Ex)*A_th*3.76*2=d*2+f*1 "Nitrogen balance" 

"Total moles and mole fractions" 

N_Total=a+b+c+d+e+f 

y_C02=a/N_T otal ; y_CO=b/N_Total; y_H20=c/N_Total; y_N2=d/N_Total; y_02=e/N_Total; y_NO=f/N_Total 
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"The following equations provide the specific Gibbs function for each component as a function of its molar 
amount" 

g_C02=Enthalpy(C02,T=T_Prod)-T Prod*Entropy(C02,T=T_Prod,P=P_Prod*y_C02) 
g_CO=Enthalpy(CO,T=T_Prod)-TJ 3 rod*Entropy(CO,T=T Prod,P=P_Prod*y_CO) 
gJH20=Enthalpy(H20,T=T_Prod)-T Prod*Entropy(H20,T=T_Prod,P=P_Prod*y_H20) 
g_N2=Enthalpy(N2,T=T_Prod)-T_Prod*Entropy(N2,T=T_Prod,P=P_Prod*y N2) 
g_02=Enthalpy(02,T=T_Prod)-T Prod*Entropy(02,T=T_Prod,P=P_Prod*y_02) 
g_NO=Enthalpy(NO,T=T_Prod)-TJ 3 rod*Entropy(NO,T=T Prod,P=P_Prod*y NO) 

"The extensive Gibbs function is the sum of the products of the specific Gibbs function and the molar amount of 
each substance" 

Gibbs=a*g_C02+b*g_C0+c*gJH20+d*gJM2+e*g_02+f*gJ\l0 

"For the energy balance, we adjust the value of the enthalpy of gaseous propane given by EES:" 
h_fg_fuel = 15060"[kJ/kmol]" "Table A.27" 
h_fuel = enthalpy(Fuel$,T=T_fuel)-h_fg_fuel 
"Energy balance for the combustion process:" 

"C3H8(I) + (1+Ex)A_th (02+3. 76N2) = a C02 + b CO + c H20 + d N2 + e 02 + f NO" 

HR =Q out+HP 

HR=h_fuel+ (1+Ex)*A_th*(enthalpy(02,T=T air)+3.76*enthalpy(N2,T=T_air)) 

HP=a*enthalpy(C02,T=T_prod)+b*enthalpy(CO,T=Tj>rod)+c*enthalpy(H20,T=T_prod)+d*enthalpy(N2,T=T_pro 

d)+e*enthalpy(02,T=T_prod)+f*enthalpy(NO,T=Tj>rod) 

"The heat transfer rate is:" 

Q_dot_out=Q_out/molarmass(Fuel$)*m_dot_fuel "[kW]" 


SOLUTION 

a=3.000 [kmol] 

A_th=5 

b=0.000 [kmol] 
b_max=3 
c=4.000 [kmol] 
d=47.000 [kmol] 
e=7.500 [kmol] 

Ex=1 .5 
e_guess=7.5 
f=0.000 [kmol] 
Fuel$='C3H8' 
f_max=94 

Gibbs=-1 7994897 [kJ] 
g_CO=-703496 [kJ/kmol] 


g_CO2=-707231 [kJ/kmol] 
g_H20=-515974 [kJ/kmol] 
gJ42=-248486 [kJ/kmol] 
g_NO=-342270 [kJ/kmol] 
g_02— 284065 [kJ/kmol] 
HP=-33051 6.747 [kJ/kmol] 
HR— 141784.529 [kJ/kmol] 
h_fg_fuel=15060 [kJ/kmol] 
h_fuel=-1 18918 [kJ/kmol] 
m_dot_fuel=0.5 [kg/s] 
N_Total=61.5 [kmol/kmol_fuel] 
PercentEx=150 [%] 
P_atm=101.3 [kPa] 

P jrod=202.7 [kPa] 


Q_dot_out=2140 [kW] 

Q_out= 188732 [kJ/kmol_fuel] 
R _u=8.314 [kJ/kmol-K] 

T air=285 [K] 

T_fueN298 [K] 
TJ D rod=1200.00 [K] 
y_CO=1.626E-15 
y_CO2=0. 04878 
y_H2O=0. 06504 
y_N2=0.7642 
y_NO=7.857E-08 
y_O2=0.122 
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16-37 Oxygen is heated during a steady-flow process. The rate of heat supply needed during this process is to be determined 
for two cases. 

Assumptions 1 The equilibrium composition consists of 0 2 and O. 2 All components behave as ideal gases. 

Analysis (a) Assuming some 0 2 dissociates into O, the dissociation equation can be written as 


O 


-» x0 2 +2(1-x)0 


The equilibrium equation among 0 2 and O can be expressed as 
0 2 <=+ 20 (thus v Qi = 1 and v 0 = 2) 

Assuming ideal gas behavior for all components, the equilibrium 
constant relation can be expressed as 



k p = 


K° 


K°: 


p 


\ v O V Ol 


total J 


where 7V total = x + 2(\-x) = 2-x 

From Table A-28, In K p = ^4.357 at 3000 K. Thus K p =0.01282. Substituting, 

2-1 


0.01282 = 


(2 - 2x) 


x 


1 


2 - x 


Solving for x gives 
x = 0.943 

Then the dissociation equation becomes 


0 2 > 0.943 0 2 +0.1140 

The heat transfer for this combustion process is determined from the steady-flow energy balance E m - E out = AE system on 
the combustion chamber with W= 0, 

Gin = £iV P (+ + h - h° ) p - fe +h~h°) R 

Assuming the 0 2 and O to be ideal gases, we have h = h{T). From the tables, 


Substance 


h f ° 

kj/kmol 


O 249,190 

0 2 0 


^298K 

kj/kmol 

6852 

8682 


^3000K 

kj/kmol 

63,425 

106,780 


Substituting, 

Q m = 0.943(0 + 106,780 - 8682) + 0.1 14(249,190 + 63,425 - 6852) - 0 = 127,363 kJ / kmol 0 2 
The mass flow rate of 0 2 can be expressed in terms of the mole numbers as 

jV = — = 0-5kg/min = 0 0 1 563 kmol/min 
M 32 kg/kmol 

Thus the rate of heat transfer is 

Q. n =NxQ m = (0.01563 kmol/min)(127,363 kJ/kmol) = 1990 kj/min 

( b ) If no 0 2 dissociates into O, then the process involves no chemical reactions and the heat transfer can be determined 
from the steady-flow energy balance for nonreacting systems to be 

Q. n = m(h 2 -h l ) = N(h 2 -^ ) = (0.01563 kmol/min)(106,780- 8682) kJ/kmol = 1533 kj/min 
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16-38 The equilibrium constant, K p is to be estimated at 2500 K for the reaction CO + H 2 0 = C0 2 + H 2 . 

Analysis (a) The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 

K p =e - AG *WRJ or lnKp =~AG*(T)/R U T 

where 


AG-'(T)-v C Q 2 gco2^ + v mSm^ v co£coCO v mo8mo(T) 

At 2500 K, 

AG * ( T ) = ^ / C02<^ C02 (^) + v m8m CO “ VcoScoiT) - v H20£H2oCO 

= V C02^ 1 ~^)c02 +V H2(^ ~^)h2 ~ v CO^ ~^)cO ~ v m.O _7 Oh 20 
= l[( -393,520 + 131,290 - 9364) - (2500X322.808)] 

+ 1[(0 + 78,960 - 8468) - (2500X196.125)] 

- l[(-l 10,530 + 83,692 - 8669) - (2500)(266.755] 

- 1[(— 24 1,820 + 108,868 - 9904) - (2500)(276.286] 

= 37,53 lkJ/kmol 


Substituting, 


37,53 lkJ/kmol 

11 p ~ (8. 3 14 kJ/kmol • K)(2500 K) 


-1.8057 >K p = 0.1644 


The equilibrium constant may be estimated using the integrated van't Hoff equation: 


In 


In 


( K \ 

iV p,est 

_ 

( l 

r 

K n] 

V p { J 

R u 

l t r 



K 


p,e st 


0.2209 


-26,176 kJ/kmol 


8.314kJ/kmol.K 


1 


1 


2000 K 2500 K 


K p ^ = 0.1612 
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16-39 A constant volume tank contains a mixture of H 2 and 0 2 . The contents are ignited. The final temperature and pressure 
in the tank are to be determined. 

Analysis The reaction equation with products in equilibrium is 

H 2 + 0 2 >a H 2 + b H 2 0 + c 0 2 

The coefficients are determined from the mass balances 
Hydrogen balance: 2 = 2a + 2b 

Oxygen balance: 2 = b + 2c 

The assumed equilibrium reaction is 


H 2 0< >H 2 +0.5O 2 

The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K p = e AG * r/ ' l/A ’' 7 ' or In K p = -AG *(T)/R U T 

where 


AG * (T) -Vm8m (^prod ) + V 02 8 02 Copied ) V H 208 H20 Copied ) 

and the Gibbs functions are given by 

£ H2 (Tprod ) = (h ~ ^prod^) H2 
8 02 (-^prod ) — (^ — -^prod^ ) 02 
£H2o(^prod) = _ ^prod^)H20 

The equilibrium constant is also given by 


k p = 


1„0.5 f „ A 1+05-1 .-0.5 fp ■ /101.3^° 5 


a c 


b 


P 


V^tot J 


ac 


b 


a + b + c 


An energy balance on the tank under adiabatic conditions gives 
U R =U P 

where 


U R -K7%2@25°C ^w^reac ) + K^02@25°C ^w^reac ) 

= 0 — (8.314 kJ/kmol.KX298.15 K) + 0- (8.314 kJ/kmol.KX298. 15 K) = -4958 kJ/kmol 

Up- a(h m @ r prod - Ru ^prod ) + ^(^H20@ r prod _ ^prod ) + c (^02 @ T prod - ^prod ) 


The relation for the final pressure is 

^tot ^prod 


?2 = 


N\ T reac 


?i = 


r a + b + 

^ 'T' ^ 

1 prod 

l 2 J 

[ 298.15 K J 


(101.3 kPa) 


Solving all the equations simultaneously using EES, we obtain the final temperature and pressure in the tank to be 
r prod =3857K 

P 2 =1043kPa 
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16-40 It is to be shown that as long as the extent of the reaction, a, for the disassociation reaction X 2 <=> 2X is smaller than 

• • u I Kp 

one, a is given by a - I — — 

Assumptions The reaction occurs at the reference temperature. 

Analysis The stoichiometric and actual reactions can be written as 
Stoichiometric: X 2 <=>2X (thus =1 and v x =2) 

Actual: X 2 » (1 -a)X 2 + 2oX 


react. 


prod. 


The equilibrium constant K p is given by 


*X X 

^ P ^ 

vx Vx2 _ (2 a) 2 

f 1 1 

2-1 , 2 

4 a 

n'£ 

total ) 

a -a) 

v a + ly 

(l-a)(l + a) 


Solving this expression for a gives 


a = 



Simultaneous Reactions 

16-41 C It can be expresses as “( dG) T ,p = 0 for each reaction.” Or as “the K p relation for each reaction must be satisfied.” 


16-42C The number of K p relations needed to determine the equilibrium composition of a reacting mixture is equal to the 
difference between the number of species present in the equilibrium mixture and the number of elements. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



16-37 


16-43 Two chemical reactions are occurring in a mixture. The equilibrium composition at a specified temperature is to be 
determined. 

Assumptions 1 The equilibrium composition consists of H 2 0, OH, 0 2 , and H 2 . 

2 The constituents of the mixture are ideal gases. 

Analysis The reaction equation during this process can be expressed as 
H 2 0 > xH 2 0 + y H 2 +z0 2 + wOH 

Mass balances for hydrogen and oxygen yield 
H balance: 2 = 2x + 2y + w (1) 

O balance: l = x + 2 z + w (2) 

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K p relations) to determine the equilibrium composition of the mixture. They are 

h 2 o <^>H 2 +^0 2 (reaction 1) 

H 2 0<=>^H 2 + OH (reaction 2) 

The equilibrium constant for these two reactions at 3400 K are determined from Table A-28 to be 



In K PX = -1.891 
In K P2 = -1.576 


K Pl = 0.15092 
K P2 = 0.20680 


The K„ relations for these two simultaneous reactions are 


pi 


K H ; N o7 

f p ' 

<o° 

V ^ total J 

-^h 2 o +^h 2 + ^o 2 


Oh 2 +' / o 2 _v, h 2 o) 


and K P2 = 


N Vli2 N%1? f 

OH 


N Vli2 ° 

iV H 2 0 


P 


V ^ total J 


( v u 2 +v, oh _v, h 2 o) 


Substituting, 


0.15092 = 


0.20680 = 




1/2 


X 


1 


1/2 


OXy) 


1/2 


1 K x+ y + z + w ) 

1 


x 


x 1/2 


(3) 


(4) 


yx+ y + z + w ) 

Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields 
x = 0.574 y = 0.308 z = 0.095 w = 0.236 

Therefore, the equilibrium composition becomes 

0.574H 2 0 + 0.308H 2 + 0.0950 2 + 0.236OH 
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16-44 Two chemical reactions are occurring in a mixture. The equilibrium composition at a specified temperature is to be 
determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, 0 2 , and O. 2 The constituents of the mixture are ideal 
gases. 

Analysis The reaction equation during this process can be expressed as 
2C0 2 + 0 2 > xC0 2 +yC0 + z0 2 + wO 

Mass balances for carbon and oxygen yield 
C balance: 2 = x + y (1) 

O balance: 6-2x + y + 2z + w (2) 

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K P relations) to determine the equilibrium composition of the mixture. They are 

C0 2 <^>C0 + ^0 2 (reaction 1) 

0 2 » 20 (reaction 2) 

The equilibrium constant for these two reactions at 3200 K are determined from Table A-28 to be 



In K Pl = -0.429 >K Pl =0.6512 

In K P2 = -3.072 > K P 2 = 0.04633 

The K P relations for these two simultaneous reactions are 


N v ™ N"° 2 


K PX - 


N 


CO 2 
CO , 


p 

V N total J 


(i / co+‘ / o 2 ~ v co 2 ) 


Kp2 ~ 


K° 


N 


02 


p 


\ v o v o 2 


O- 


V N total J 


where 


^total - ^ /r C0 2 + ^0 2 + ^C0 + ^0- X + T + z + H; 

Substituting, 


0.6512 = 


(y)(z) 


1/2 


\ 1/2 




1 K x+ y + z + w ) 


(3) 


2-1 


0.04633 = 


w 


z 




(4) 


Solving Eqs. (1), (2), (3), and (4) simultaneously using an equation solver such as EES for the four unknowns x, y, z, and w 
yields 


jc = 1.127 y = 0.8727 

Thus the equilibrium composition is 


z= 1.273 


w = 0.3258 


1.127C0 2 + 0.8727CO + 1.2730 2 + 0.32580 
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16-45 Two chemical reactions are occurring at high-temperature air. The equilibrium composition at a specified temperature 
is to be determined. 

Assumptions 1 The equilibrium composition consists of 0 2 , N 2 , O, and NO. 2 The constituents of the mixture are ideal 
gases. 

Analysis The reaction equation during this process can be expressed as 


Heat 


0 2 +3.76N 2 


-» iN 2 +y N0 + z0 2 + wO 


AIR 

* 

Reaction 

o 2 , n 2 , o. no 


chamber, 2 atm 

3000 K 


Mass balances for nitrogen and oxygen yield 
N balance: 7.52 = 2 x+y (1) 

O balance: 2 = y + 2z + w (2) 

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K p relations) to determine the equilibrium composition of the mixture. They are 

4-N 2 +4-0 2 <=> NO (reaction 1) 

0 2 <=> 20 (reaction 2) 

The equilibrium constant for these two reactions at 3000 K are determined from Table A-28 to be 

> 


In K Pl =-2.114 
lnK P2 = -4.357 


K Pl = 0.12075 
K P2 = 0.01282 


The K P relations for these two simultaneous reactions are 


K PX - 


i\r v No 

iV NO 


f p n \( v NO _v N 2 ~ v o 2 ) 


N v " 2 N y 


K P2 - 


N- 


No 


O- 


V total J 


N 


02 


P 


Yo~ v o 2 


O 


V N total J 


where N total = N No _ + A^ NO +A^o 2 +A^ 0 =x:+y + z + w 
Substituting, 


0.12075 = 


y 


0.5 0.5 
X Z 


\ 1-0.5-0.5 


1^x4- y + z + w J 


(3) 


2-1 


0.01282 = 


w 


z 


l^v + y + z-f- w J 


(4) 


Solving Eqs. (1), (2), (3), and (4) simultaneously using EES for the four unknowns x, y, z, and w yields 
jc = 3.656 y = 0.2086 z = 0.8162 w = 0.1591 

Thus the equilibrium composition is 


3.656N 2 + 0.2086NO + 0.8162O 2 +0.15910 

The equilibrium constant of the reaction N 2 <=> 2N at 3000 K is In K P = -22.359, which is much smaller than the K P values 
of the reactions considered. Therefore, it is reasonable to assume that no N will be present in the equilibrium mixture. 
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16-46E Two chemical reactions are occurring in air. The equilibrium composition at a specified temperature is to be 
determined. 

Assumptions 1 The equilibrium composition consists of 0 2 , N 2 , O, and NO. 2 The constituents of the mixture are ideal 
gases. 

Analysis The reaction equation during this process can be expressed as 

Heat 

> xN 2 +yN0+z0 2 + wO 


0 2 + 3.76N 2 


Mass balances for nitrogen and oxygen yield 
N balance : 7.52 = 2x + y ( 1 ) 

O balance: 2 — y + 2z + w (2) 


AIR 

* 

Reaction 

o 2 , n 2 , o, no 


chamber, 1 atm 

5400 R 


The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K p relations) to determine the equilibrium composition of the mixture. They are 

-y N 2 +^-0 2 <^> NO (reaction 1) 

0 2 <©> 20 (reaction 2) 

The equilibrium constant for these two reactions at T = 5400 R = 3000 K are determined from Table A-28 to be 

> 


In K PX - -2.114 
In K P2 = -4.357 


K Pl = 0.12075 
-> K P2 = 0.01282 


The K P relations for these two simultaneous reactions are 


K PX - 


K P2 ~ 


iV NO 


f p n \( v/ NO _v N 2 ~ v o 2 ) 


jy^Nz jy V 0 2 


N 


Nq 


O- 


V N total 


N 


o 2 


P 


Yo~ v o 2 


O 


V ^ total J 


where N uM =Nn 2 +^no+^o 2 +N 0 =x + y + z + w 
Substituting, 


0.12075 = 


0.01282 = 


.V 


r 


0.5 0.5 
X z 


w 


1 


x 1-0. 5-0.5 


^x + y + z + wj 

i 


K x + y + z + w ) 


(3) 


(4) 


Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields 
x = 3.658 y = 0.2048 z = 0.7868 w = 0.2216 

Thus the equilibrium composition is 

3.658N 2 + 0.2048NO + 0.7868O 2 +0.22160 

The equilibrium constant of the reaction N 2 « 2N at 5400 R is In K P = -22.359, which is much smaller than the K P values 
of the reactions considered. Therefore, it is reasonable to assume that no N will be present in the equilibrium mixture. 
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14-47E Problem 16-46E is reconsidered. Using EES (or other) software, the equilibrium solution is to be obtained by 

minimizing the Gibbs function by using the optimization capabilities built into EES. This solution technique is to be 
compared with that used in the previous problem. 

Analysis The problem is solved using EES, and the solution is given below. 


"This example illustrates how EES can be used to solve multi-reaction chemical equilibria 
problems by directly minimizing the Gibbs function. 

0.21 02+0.79 N2 = a 02+b O + c N2 + d NO 

Two of the four coefficients, a, b, c, and d, are found by minimiming the Gibbs function at a total 
pressure of 1 atm and a temperature of 5400 R. The other two are found from mass balances. 

The equilibrium solution can be found by applying the Law of Mass Action to two 

simultaneous equilibrium reactions or by minimizing the Gibbs function. In this problem, the Gibbs function is 
directly minimized using the optimization capabilities built into EES. 

To run this program, select MinMax from the Calculate menu. There are four compounds present 
in the products subject to two elemental balances, so there are two degrees of freedom. Minimize 
Gibbs with respect to two molar quantities such as coefficients b and d. The equilibrium mole 
numbers of each specie will be determined and displayed in the Solution window. 

Minimizing the Gibbs function to find the equilibrium composition requires good initial guesses." 

"Data from Data Input Window" 

{T=5400 "R" 

P=1 "atm" } 

AO2=0.21 ; BN2=0.79 "Composition of air" 

A02*2=a*2+b+d "Oxygen balance" 

BN2*2=c*2+d "Nitrogen balance" 

"The total moles at equilibrium are" 

N_tot=a+b+c+d 

y_02=a/N_tot; y_0=b/N_tot; y_N2=c/N_tot; y_NO=d/N_tot 

"The following equations provide the specific Gibbs function for three of the components." 
g_02=Enthalpy(02,T=T)-T*Entropy(02,T=T,P=P*y_02) 
g_N2=Enthalpy(N2,T=T)-T*Entropy(N2,T=T,P=P*y_N2) 
g_NO=Enthalpy(NO,T=T)-T*Entropy(NO,T=T,P=P*y_NO) 

"EES does not have a built-in property function for monatomic oxygen so we will use the JANAF 
procedure, found under Options/Function Info/External Procedures. The units for the JANAF 
procedure are kgmole, K, and kJ so we must convert h and s to English units." 

T_K=T*Convert(R,K) "Convert R to K" 

Call JANAF('0',T_K:Cp',h',S') "Units from JANAF are SI" 

S_0=S'*Convert(kJ/kgmole-K, Btu/lbmole-R) 
h_0=h'*Convert(kJ/kgmoie, Btu/lbmole) 

"The entropy from JANAF is for one atmosphere so it must be corrected for partial pressure." 
g_0=h_0-T*(S_0-R_u*in(Y_0)) 

R_u=1 .9858 "The universal gas constant in Btu/mole-R " 

"The extensive Gibbs function is the sum of the products of the specific Gibbs function and the 
molar amount of each substance." 

Gibbs=a*g_02+b*g_0+c*g_N2+d*g_N0 
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d 

[Ibmol] 

b 

[Ibmol] 

Gibbs 

[Btu/lbmol] 

yo2 

yo 

Yno 

yN2 

T 

[R1 

0.002698 

0.00001424 

-162121 

0.2086 

0.0000 

0.0027 

0.7886 

3000 

0.004616 

0.00006354 

-178354 

0.2077 

0.0001 

0.0046 

0.7877 

3267 

0.007239 

0.0002268 

-194782 

0.2062 

0.0002 

0.0072 

0.7863 

3533 

0.01063 

0.000677 

-211395 

0.2043 

0.0007 

0.0106 

0.7844 

3800 

0.01481 

0.001748 

-228188 

0.2015 

0.0017 

0.0148 

0.7819 

4067 

0.01972 

0.004009 

-245157 

0.1977 

0.0040 

0.0197 

0.7786 

4333 

0.02527 

0.008321 

-262306 

0.1924 

0.0083 

0.0252 

0.7741 

4600 

0.03132 

0.01596 

-279641 

0.1849 

0.0158 

0.0311 

0.7682 

4867 

0.03751 

0.02807 

-297179 

0.1748 

0.0277 

0.0370 

0.7606 

5133 

0.04361 

0.04641 

-314941 

0.1613 

0.0454 

0.0426 

0.7508 

5400 



Discussion The equilibrium composition in the above table are based on the reaction in which the reactants are 0.21 kmol 
0 2 and 0.79 kmol N 2 . If you multiply the equilibrium composition mole numbers above with 4.76, you will obtain 
equilibrium composition for the reaction in which the reactants are 1 kmol 0 2 and 3.76 kmol N 2 .This is the case in problem 


16-46E. 
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16-48 Water vapor is heated during a steady-flow process. The rate of heat supply for a specified exit temperature is to be 
determined for two cases. 

Assumptions 1 The equilibrium composition consists of H 2 0, OH, 0 2 , and H 2 . 2 The constituents of the mixture are ideal 
gases. 


Analysis (a) Assuming some H 2 0 dissociates into H 2 , 0 2 , and 
O, the dissociation equation can be written as 

H 2 0 > i H 2 0 + y H 2 + z 0 2 + wOH 

Mass balances for hydrogen and oxygen yield 
H balance: 2 = 2x + 2y + w (1) 



h 2 o, h 2 , o 2 , 

OH 


3000 K 


O balance: 1 = x + 2z + w (2) 

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K P relations) to determine the equilibrium composition of the mixture. They are 

h 2 o <^>H 2 +^0 2 (reaction 1) 

H 2 0<=>^H 2 + OH (reaction 2) 

The equilibrium constant for these two reactions at 3000 K are determined from Table A-28 to be 


In K Pl =-3.086 > K Pl =0.04568 

In K P2 =-2.937 >K P2 =0.05302 

The K P relations for these three simultaneous reactions are 


N^ 2 


K PX - 


K pi ~ 


H 


N 


o- 


v h 2 o 

h 2 o 


P 

V N total J 


( v h 2 +v o 2 - v h 2 o) 




N Vli 2° 

iV H 2 0 


P 


V N total J 


( v h 2 +v/ oh _,/ h 2 o) 


where 


N total - ^H 2 0+^H 2 + N 0 2 +^OH - ^+y + Z + W 

Substituting, 


0.04568 = 


(yXz) 


1/2 




1 


\ 1/2 


(3) 


0.05302 = 


(w)(y) 




1/2 


(4) 


yx+ y + z + w ) 

1/2 ( 1 

v v+y + z + w y l 

Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields 
x = 0.7835 y = 0.1622 z = 0.05396 w = 0.1086 
Thus the balanced equation for the dissociation reaction is 


H 2 0 > 0.7835H 2 O + 0. 1622H 2 + 0.053960 2 + 0. 1086OH 

The heat transfer for this dissociation process is determined from the steady-flow energy balance E [n - E ou[ - AE system with 
W= 0, 

Gin +/7 - /7 °l +Tl - Tl \ 
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Assuming the 0 2 and O to be ideal gases, we have h = h(T). From the tables, 


Substance 

hf 

kJ/kmol 

^298K 

kJ/kmol 

^3000 K 

kJ/kmol 

h 2 o 

-241,820 

9904 

136,264 

h 2 

0 

8468 

97,211 

o 2 

0 

8682 

106,780 

OH 

39,460 

9188 

98,763 


Substituting, 

Q [n = 0.7835(-241,820 + 136,264 - 9904) 

+ 0.1622(0 + 97,211-8468) 

+ 0.05396(0 + 106,780 - 8682) 

+ 0. 1 086(39,460 + 98,763 - 9 1 88) - (-24 1,820) 

= 185,058 kJ/kmolH 2 0 

The mass flow rate of H 2 0 can be expressed in terms of the mole numbers as 

iv .^= 0.2tg/mi n , 001||lkmo|/mi| i 

M 18kg/kmol 

Thus, 

Gin = N x Q in = (0.01 111 kmol/min)(185,058 kJ/kmol) = 2056 kj/min 

( b ) If no dissociates takes place, then the process involves no chemical reactions and the heat transfer can be determined 
from the steady-flow energy balance for nonreacting systems to be 

Gin = ™( h 2 ~ h \) = N(h 2 - K ) 

= (0.01 1 1 1 kmol/min)(l 36,264 - 9904) kJ/kmol 

= 1404 kj/min 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



16-45 


16-49 



Problem 16-48 is reconsidered. The effect of the final temperature on the rate of heat supplied for the two 


cases is to be studied. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T1=298 [K] 

T2=3000 [K] 

"P=1 [atm]" 
m_dot=0.2 [kg/min] 

T0=298 [K] 

"The equilibrium constant for these two reactions at 3000 K are determined from Table A-28" 

K_p1=exp(-3.086) 

K_p2=exp(-2.937) 

"Properties" 

MM_H20=molarmass(H20) 

"Analysis" 

"(a)" 

"Actual reaction: H20 = N_H20 H20 + N_H2 H2 + N_02 02 + N_OH OH" 

2=2*I\HH20+2*N_H2+N_0H "H balance" 

1 =N_H20+2*N_02+N_0H "O balance" 

N_total = N_H 20+ N_H 2 + N_02+N_0H 
"Stoichiometric reaction 1 : H20 = H2 + 1/2 02" 

"Stoichiometric coefficients for reaction 1" 

nu_H20_1=1 

nu_H2_1=1 

nu_02_1=1/2 

"Stoichiometric reaction 2: H20 = 1/2 H2 + OH" 

"Stoichiometric coefficients for reaction 2" 

nu_H20_2=1 

nu_H2_2=1/2 

nu_OH_2=1 

"K_p relations are" 

Kpl =(N_H2 A nu_H2_1 *N_02 A nu_02_1 )/N_H20 A nu_H20_1 *(P/N_total) A (nu_H2_1 +nu_02_1 -nu_H20_1 ) 
K_p2=(N_H2 A nu_H2_2*N_OH A nu_OH_2)/N_H20 A nu_H20_2*(P/N_total) A (nu_H2_2+nu_OH_2-nu_H20_2) 

"Enthalpy of formation data from Table A-26" 
h_f_OH=39460 
"Enthalpies of products" 
h_H20_R=enthalpy(H20, T=T1) 
h_H20_P=enthalpy(H20, T=T2) 
h_H2=enthalpy(H2, T=T2) 
h_02=enthalpy(02, T=T2) 

h_OH=98763 "at T2 from the ideal gas tables in the text" 

"Standard state enthalpies" 

h_o_OH=9188 "at TO from the ideal gas tables in the text" 

"Heat transfer" 

H_P=N H20*h_H20_P+N _H2*h_H2+N_02*h_02+N _ OH*(h_f_OH+h_OH-h_o_OH) 

H_R=N H20_R*h_H20_R 

N_H20_R=1 

Q_in_a=H_P-H_R 

Q_d ot_i n_a= ( m_d ot/M M_H 20) *Q _i n_a 
"(b)" 

Q_in_b=N_H20_R*(h_H20_P-h_H20_R) 

Q_d ot_i n_b= ( m_d ot/M M_H 20) *Q _i n_b 
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P [atm] 

Qin.Dissoc 

[kJ/min] 

Qin.NoDissoc 

[kJ/min] 

i 

2066 

1417 

2 

1946 

1417 

3 

1885 

1417 

4 

1846 

1417 

5 

1818 

1417 

6 

1796 

1417 

7 

1778 

1417 

8 

1763 

1417 

9 

1751 

1417 

10 

1740 

1417 




2100 
2000 
1900 
1800 
1700 
1600 
1500 
1400 
1300 

1 23456789 10 

P [atm] 
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16-50 ™ irrri Ethyl alcohol C 2 H 5 OH (gas) is burned in a steady-flow adiabatic combustion chamber with 40 percent excess 
air. The adiabatic flame temperature of the products is to be determined and the adiabatic flame temperature as a function of 
the percent excess air is to be plotted. 

Analysis The complete combustion reaction in this case can be written as 


C 2 H 5 OH (gas) + (1 + Ex)a th [o 2 +3.76N 2 ] >2C0 2 +3H 2 0 + (£c)(a th )0 2 +/ N 2 

where a th is the stoichiometric coefficient for air. The oxygen balance gives 
1 + (1 + Ex)a th x2 = 2x2 + 3xl + (Ex)(a th ) x 2 
The reaction equation with products in equilibrium is 

C 2 H 5 OH(gas) + (1 + £*)a th [0 2 +3.76N 2 ] >a C0 2 + bC0 + dH 2 0 + e0 2 +/N 2 + c? NO 

The coefficients are determined from the mass balances 
Carbon balance: 2 = a + b 


Hydrogen balance: 6 = 2d > d — 3 

Oxygen balance: 1 + (1 + Ex)a th x2 = ax2 + b + d + ex2 + g 

Nitrogen balance: (1 + Ex)a th x 3.76 x2=/x2+g 

Solving the above equations, we find the coefficients to be 

Ex = 0.4, a th = 3, a= 1.995, b = 0.004712, d= 3, e = 1.17, /= 15.76, g = 0.06428 
Then, we write the balanced reaction equation as 
C 2 H 5 OH (gas) + 4.2[0 2 + 3.76N 2 ] 

>1.995 C0 2 + 0.004712CO + 3H 2 0 + 1.170 2 + 15.76N 2 +0.06428 NO 

Total moles of products at equilibrium are 

N iot = l .995 + 0.0047 12 + 3 + 1 . 17 + 15.76 = 21 .99 
The first assumed equilibrium reaction is 


co 2 + 


+ CO + 0.50 


The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 


K p 1 = exp 


-AG, *(r prod ) 


D T 

^u 1 prod 


Where A G x * (T prod ) - v co g co (T prod ) + v Q2 g Q2 (T prod ) v C02 g C oi (^prod ) 
and the Gibbs functions are defined as 

£co(^prod) “ V 7 _ ^prod^)cO 
02 (^prod ) = (^ 7 _ ^prod^) 02 
£<202 (Tprod) = (^ 7 _ ^ prod 5 r ) c0 2 
The equilibrium constant is also given by 

0.5 


be 0 ' 5 

p 

1+0.5— 1 n r 

(0.0047 12)(1.17) 05 

f 1 ) 

a 

N 

V iV tot 7 

1.995 

[ 21.99 J 


K p i = 


The second assumed equilibrium reaction is 
0.5N 2 +0.5O 2 < >NO 


= 0.0005447 


Also, for this reaction, we have 
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8 NO (7prod )-(h T prod S ) N o 
£ N2 (Tprod ) = ( h ~ ^prod^) N2 
&02 (Tprod) “ V 2 _ ^prod^)o2 


AG 2 * (Tprod ) _ V NO 8 NO Copied ) V N2 8 N2 C^prod ) V 02 8 02 Copied ) 


K p2 = exp 


AG 2 *(r prod ) 

D T 

y 1 prod y 


K p 2 = 


/ X 1-0.5-0.5 

P 


N 

v iV tot y 


£ 


e * 5 /°- 5 


1 


21.99 


0.06428 


J (1.1 7) 0-5 (15. 76) 0-5 


= 0.01497 


A steady flow energy balance gives 


Hr=H p 


where 


H R - hf fuel@25°C 4. 2/^02 @25°C + 15.79/z N2 @25°C 

= (-235,3 10 kJ/kmol)+ 4.2(0) + 15.79(0) = -235,3 10 kJ/kmol 

// P = 1.995/z c0 2@7 prod + 0.0047 12/i co @r prod + 3/i H20 @7' prod +l-17A 0 2@7’ prod +15.76/z N2@7pod +0.06428/z NO @7 prod 

Solving the energy balance equation using EES, we obtain the adiabatic flame temperature 


T 

prod 


=1901 K 


The copy of entire EES solution including parametric studies is given next: 


"The reactant temperature is:" 

T_reac= 25+273 "[K]" 

"For adiabatic combustion of 1 kmol of fuel: " 

Q_out = 0 "[kJ]" 

PercentEx = 40 "Percent excess air" 

Ex = PercentEx/1 00 "EX = % Excess air/100" 

P_prod =101 .3"[kPa]" 

R_u=8.314 "[kJ/kmol-K]" 

"The complete combustion reaction equation for excess air is:" 

"C2H50H(gas)+ (1+Ex)*A_th (02 +3.76N2)=2 C02 + 3 H20 + Ex*A_th 02 + f N2 " 
"Oxygen Balance for complete combustion:" 

1 + (1 +Ex)*A_th*2=2*2+3*1 + Ex*A_th*2 

"The reaction equation for excess air and products in equilibrium is:" 

"C2H50H(gas)+ (1+Ex)*A_th (02 +3.76N2)=a C02 + b CO+ d H20 + e 02 + f N2 + g NO" 
"Carbon Balance:" 

2=a + b 

"Hydrogen Balance:" 

6=2*d v 

"Oxygen Balance:" 

1 + (1 +Ex)*A_th*2=a*2+b + d + e*2 +g 
"Nitrogen Balance:" 

(1+Ex)*A_th*3.76 *2= f*2 + g 

N_tot =a +b + d + e + f +g "Total kilomoles of products at equilibrium" 

"The first assumed equilibrium reaction is 002=00+0.502" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 
each component in the product gases as a function of its temperature, T_prod, 
at 1 atm pressure, 101.3 kPa" 

g_C02=Enthalpy(C02,T=T_prod )-T_prod *Entropy(C02,T=T_prod ,P=101.3) 
g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=1 01 .3) 
g_02=Enthalpy(02,T=T_prod )-T_prod *Entropy(02,T=T_prod ,P=101.3) 
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"The standard-state Gibbs function is" 

DELTAGJ =1*g_CO+0.5*g_O2-1*g_CO2 
"The equilibrium constant is given by Eq. 15-14." 

K_P_1 = exp(-DELTAG_1 /(R_u*T_prod )) 

P=P_prod/101.3"atm" 

"The equilibrium constant is also given by Eq. 15-15." 

"K_ P_1 = (P/N_tot) A (1 +0.5-1 )*(b A 1 *e A 0.5)/(a A 1 )" 
sqrt(P/N_tot) *b *sqrt(e) =K_P_1*a 

"The econd assumed equilibrium reaction is 0.5N2+0.5O2=NO" 
gJ40=Enthalpy(NO,T=Tj3rod )-T_prod *Entropy(NO,T=Tj>rod ,P=1 01 .3) 
g_N2=Enthalpy(N2,T=T_prod )-T_prod *Entropy(N2,T=T_prod ,P=101.3) 

"The standard-state Gibbs function is" 

DELTAG_2 =1*g_NO-0.5*g_O2-0.5*g_N2 
"The equilibrium constant is given by Eq. 15-14." 

K_P_2 = exp(-DELTAG_2 /(R_u*T_prod )) 

"The equilibrium constant is also given by Eq. 15-15." 

"K_ P_2 = (P/N_tot) A (1-0.5-0.5)*(g A 1)/(e A 0.5*f A 0.5)" 
g=K_P_2 *sqrt(e*f) 

"The steady-flow energy balance is:" 

H_R = Q_out+H_P 

h_bar_f_C2H5OHgas=-235310 "[kJ/kmol]" 

H_R=1*(h_bar_f_C2H50Hgas ) 

+(1+Ex)*A_th*ENTHALPY(02,T=T _reac)+(1+Ex)*A_th*3.76*ENTHALPY(N2,T=T_reac) "[kJ/kmol]" 
hLP=a*ENTHALPY(C02,T=T_prod)+b*ENTHALPY(CO,T=T_prod)+d*ENTHALPY(H20,T=T_prod)+e*ENTHAL 
PY(02,T=T_prod)+f*ENTHALPY(N2,T=T_prod)+g*ENTHALPY(NO,T=T_prod) "[kJ/kmol]" 


3th 

a 

b 

d 

e 

f 

9 

PercentEx 

[%] 

Tprod 

[K] 

3 

1.922 

0.07779 

3 

0.3081 

12.38 

0.0616 

10 

2184 

3 

1.971 

0.0293 

3 

0.5798 

13.5 

0.06965 

20 

2085 

3 

1.988 

0.01151 

3 

0.8713 

14.63 

0.06899 

30 

1989 

3 

1.995 

0.004708 

3 

1.17 

15.76 

0.06426 

40 

1901 

3 

1.998 

0.001993 

3 

1.472 

16.89 

0.05791 

50 

1820 

3 

1.999 

0.0008688 

3 

1.775 

18.02 

0.05118 

60 

1747 

3 

2 

0.0003884 

3 

2.078 

19.15 

0.04467 

70 

1682 

3 

2 

0.0001774 

3 

2.381 

20.28 

0.03867 

80 

1621 

3 

2 

0.00008262 

3 

2.683 

21.42 

0.0333 

90 

1566 

3 

2 

0.00003914 

3 

2.986 

22.55 

0.02856 

100 

1516 
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Variations of K p with Temperature 


16-50 


16-51C It enables us to determine the enthalpy of reaction h R from a knowledge of equilibrium constant K P . 


16-52C At 2000 K since combustion processes are exothermic, and exothermic reactions are more complete at lower 
temperatures. 


16-53 The h R value for the dissociation process 0 2 <=> 20 at a specified temperature is to be determined using enthalpy and 
K P data. 

Assumptions Both the reactants and products are ideal gases. 

Analysis (a) The dissociation equation of 0 2 can be expressed as 
0 2 <=>20 

Th eh R of the dissociation process of 0 2 at 3100 K is the amount of energy absorbed or released as one kmol of 0 2 
dissociates in a steady-flow combustion chamber at a temperature of 3100 K, and can be determined from 

Assuming the 0 2 and O to be ideal gases, we have h = h (7). From the tables, 


Substance 


hi 


kj/kmol 


1*298 K 

kj/kmol 


1*2900 K 
kj/kmol 


O 

0 2 


249,190 

0 


6852 

8682 


65,520 

110,784 


Substituting, 

h R = 2(249,190 + 65,520 - 6852) -1(0 + 1 10,784 - 8682) 

= 513, 614 kj/kmol 

( b ) The h R value at 3100 K can be estimated by using K P values at 3000 K and 3200 K (the closest two temperatures to 
3100 K for which K P data are available) from Table A-28, 


In 


Kp2 _ h R 


( 


K 


p l 


R 


1 1 


u VM 


7 , T 


or \nK P2 - In K Pl = 


h 


( 


R 


2 J 


R 


-3.072 -(-4.357) = 


h 


R 


8.314 kJ/kmol- K 


1 


1 _ 1 

u K T \ ^2 J 

1 " 


3000 K 3200 K 


J 


h R = 512,808 kj/kmol 
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16-54 The h R at a specified temperature is to be determined using the enthalpy and K P data. 

Assumptions Both the reactants and products are ideal gases. 

Analysis (a) The complete combustion equation of CO can be expressed as 
C0+i0 2 <=> co 2 

The h R of the combustion process of CO at 1800 K is the amount of energy released as one kmol of CO is burned in a 
steady-flow combustion chamber at a temperature of 1800 K, and can be determined from 

h R =X^p(/T; +h-h°) p -Y J N R (h° f +h-h\ 

Assuming the CO, 0 2 and C0 2 to be ideal gases, we have h = h(T). From the tables, 


Substance 

hf 

kJ/kmol 

^298 K 

kJ/kmol 

^1800K 

kJ/kmol 

co 2 

-393,520 

9364 

88,806 

CO 

-110,530 

8669 

58,191 

0 2 

0 

8682 

60,371 


Substituting, 

h R = 1(— 393,520 + 88,806 - 9904) 
-1(-1 10,530 + 58,191 -8669) 
-0.5(0 + 80,371-8682) 

= -289,455 kJ/kmol 


( b ) Th th R value at 1800 K can be estimated by using K P values at 1600 K and 2000 K (the closest two temperatures to 
1800 K for which K P data are available) from Table A-28, 


Y n Kpi „ 


K 


p l 


R 


1 1 


m V-M 


Z T 


or In K P 2 -lnK Pl = 


h 


r 


R 


2 J 


R 


1 1 


6.635 - 10.830 = 


h 


R 


1 


u 


Z T 


2 J 


1 


8.3 14 kJ/kmol -K . 

h R = -279,020 kJ/kmol 


1600 K 2000 K 


J 
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16-55E The h R at a specified temperature is to be determined using the enthalpy and K P data. 

Assumptions Both the reactants and products are ideal gases. 

Analysis (a) The complete combustion equation of CO can be expressed as 

co+^o 2 <=> co 2 

Th eh R of the combustion process of CO at 3960 R is the amount of energy released as one kmol of H 2 is burned in a steady- 
flow combustion chamber at a temperature of 3960 R, and can be determined from 

h R = ^> P (/7; +*-*°)* 

Assuming the CO, 0 2 and C0 2 to be ideal gases, we have h = h (7). From the tables, 


Substance 

hf 

Btu/lbmol 

^537 R 

Btu/lbmol 

^3960 R 

Btu/lbmol 

C0 2 

-169,300 

4027.5 

48,647 

CO 

-47,540 

3725.1 

31,256.5 

0 2 

0 

3725.1 

32,440.5 


Substituting, 

h R = 1(- 169,300 + 48,647 - 4027.5) 

_ l(-47,540 + 3 1,256.5 - 3725.1) 
-0.5(0 + 32,440.5-3725.1) 

= -119,030 Btu/lbmol 


( b ) Th th R value at 3960 R can be estimated by using K P values at 3600 R and 4320 R (the closest two temperatures to 3960 
R for which K P data are available) from Table A-28, 


In 


K 


P 2 


h 


( 


R 


K 


p l 


R 


1 1 


U V^l 


7, T 


or In K P 2 - In K Pl = 


h 


R 


2 J 


R 


1 1 


U v^i 


7 7 


2 J 


3.860-6.635 

h R 


K f l O 

1.986 Btu/lbmol- R ^ 3600 R 4320 R y 

-119,041 Btu/lbmol 
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16-56 The K P value of the combustion process H 2 + l/20 2 <=> H 2 0 is to be determined at a specified temperature using h R 
data and K P value . 

Assumptions Both the reactants and products are ideal gases. 

Analysis The h R and K P data are related to each other by 


In 


Kp2 _ h R 


K 


pi 


R 


1 1 


u V+l 


r, t 


or In K P2 -In K PX = 


h 


R 


2 J 


R 


1 1 


U V 1 


r, t 


2 J 


The h R of the specified reaction at 2400 K is the amount of energy released as one kmol of H 2 is burned in a steady-flow 
combustion chamber at a temperature of 2400 K, and can be determined from 


k +h - h °) P +h ~ h \ 


Assuming the H 2 0, H 2 and 0 2 to be ideal gases, we have h — h (7). From the tables, 


Substance 

hi 

kJ/kmol 

^298 K 

kJ/kmol 

^2400K 

kJ/kmol 

h 2 o 

-241,820 

9904 

103,508 

h 2 

0 

8468 

75,383 

o 2 

0 

8682 

83,174 


Substituting, 

h R = 1(-241,820 + 103,508 - 9904) 
-1(0 + 75,383-8468) 

-0.5(0 + 83,174-8682) 

= -252,377 kJ/kmol 


The K P value at 2600 K can be estimated from the equation above by using this h R value and the K P value at 2200 K which 
is In K P i = 6.768 or K PX = 869.6, 


\n(K P2 ! 869.6) 


- 252,377 kJ/kmol f 1 1 " 

8.314 kJ/kmol • K [ 2200 K 2600 K , 


In K P1 = 4.645 


(T able A - 28 : \v\K P2 = 4.648) 


or 

K P2 = 104.1 
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16-57 The h R value for the dissociation process C0 2 <=> CO + l/20 2 at a specified temperature is to be determined using 
enthalpy and K p data. 

Assumptions Both the reactants and products are ideal gases. 

Analysis (a) The dissociation equation of C0 2 can be expressed as 

co 2 «C0+i0 2 

Th eh R of the dissociation process of C0 2 at 2200 K is the amount of energy absorbed or released as one kmol of C0 2 
dissociates in a steady-flow combustion chamber at a temperature of 2200 K, and can be determined from 

h R =^N P (h} +/7-r) /3 -^A^; +h-h°) R 

Assuming the CO, 0 2 and C0 2 to be ideal gases, we have h = h (7). From the tables, 


Substance 

hi 

kj/kmol 

^298K 

kj/kmol 

^2200 K 

kj/kmol 

C0 2 

-393,520 

9364 

112,939 

CO 

-110,530 

8669 

72,688 

0 2 

0 

8682 

75,484 


Substituting, 

h R = 1(-1 10,530 + 72,688 - 8669) 

+ 0.5(0 + 75,484-8682) 

- 1(— 393,520 + 1 12,939 - 9364) 

= 276,835 kj/ kmol 


( b ) The h R value at 2200 K can be estimated by using K P values at 2000 K and 2400 K (the closest two temperatures to 
2200 K for which K P data are available) from Table A-28, 


In 


Kp2 _ 


K 


p l 


R 


1 1 


u 


7, T 


or \nKp 2 - In K Pl = 


h 


R 


2 J 


R 


1 1 


u V X 1 


7 T 


2 J 


-3.860- (-6.635) = 


h 


R 


8.314kJ/kmol- K 


1 


1 


2000 K 2400 K 


h R = 276,856 kj/kmol 
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16-58 The enthalpy of reaction for the equilibrium reaction CH4 + 202 = C02 + 2H20 at 2500 K is to be estimated using 
enthalpy data and equilibrium constant, K p data. 

Analysis For this problem we use enthalpy and Gibbs function properties from EES. 

The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 

K p = e ~ AG * (r) ' RJ or In K p = -AG * (T) / R u T 

where 


AG*(T) - v C02 g C02 (T) + v m0 g m0 (T) v cmScm(T) v 02802 CO 
At T\ = 2500 - 10 = 2490 K: 

A G x * (T) = V'c02<?C02(^l) + v H20£H2oC^l) “ V CH4^CH4 (^1 ) “ v 02&02 (^1 ) 

= 1(— 1,075,278) + 2(-83 1,031) - 1(-722,303) - 2(-61 1,914) 

= -79 1,208 kJ/kmol 

AtT 2 = 2500+ 10 = 2510 K: 


AG 2 (T) - V C Q2g C 02(T 2 ) + v H2o£h2o(0) V CH4^CH4 (O ) V 02802^2^ 

= 1(— 1,081,734) + 2(-836,564) - 1(-728,962) - 2(-617,459) 

= -790,98 lkJ/kmol 


The Gibbs functions are obtained from enthalpy and entropy properties using EES. Substituting, 


K pl = exp 


K p 2 =exp 


- 791,208 kJ/kmol 
(8.314kJ/kmol- K)(2490 K) 

-790,981 kJ/kmol 
(8.314 kJ/kmol • K)(25 1 0 K) 


\ 


= 3.966x10 


16 




= 2.893x10 


16 


The enthalpy of reaction is determined by using the integrated van’t Hoff equation: 
In 


( K \ 

K p2 

_ l l R 

n 

i ) 

K p i 

V p [ J 

K 

U 

T 2 J 


In 


+.893 x 10+ 

_ ^ l R 

r i 

i ^ 

v 3.966x 10 16 y 

8.314kJ/kmol.K 

1.2490K 

2510 kJ 


>h R = -81 9,472kJ/kmol 


The enthalpy of reaction can also be determined from an energy balance to be 

h R = H P —H r 

where 


H r = lh CH 4 @ 2500K + 2^02 @ 2500K = 106,833 + 2(78,437) = 263,708 kJ/kmol 
Hp — l^co2@ 2500K + 2 ^h20 @ 2500K “( — 271,531) + 2(— 142,1 17) = —555,765 kJ/kmol 

The enthalpies are obtained from EES. Substituting, 

h R =H p -H r =(-555,765) -(263,708) = -81 9,472kJ/kmol 
which is identical to the value obtained using K p data. 


The EES code for the solution of this problem is given next: 

"The reaction temperature is:" 

T_reac= 2500 [K] 

DELTAT=10 [K] 
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R_u=8.314 [kJ/kmol-K] 

"The assumed equilibrium reaction is CH4 + 2 02 = C02 + 2 H20" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 
each component in the product gases as a function of its temperature, T_reac, 
at 1 atm pressure, 101.3 kPa" 

"First find K_P_1 atTmDT" 

TmDT=T_reac-DELTAT"[K]" 

g_C02_1=Enthalpy(C02,T=TmDT)-(TmDT) *Entropy(C02,T=TmDT ,P=1 01 .3) 
g_02_1=Enthalpy(02,T=TmDT)-(TmDT) *Entropy(02,T=TmDT ,P=101.3) 
g_CH4_1=Enthalpy(CH4,T=TmDT )-(TmDT) *Entropy(CH4,T=TmDT ,P=1 01 .3) 
g_H20_1 =Enthalpy(H20,T=TmDT )-(TmDT) *Entropy(H20,T=TmDT ,P=101.3) 

"The standard-state Gibbs function is" 

DELTAG_1 =1 *g_C02_1 +2*g_H20_1 -1 *g_CH4_1 -2*g_02_1 

"The equilibrium constant is given by Eq. 1 5-14." 

K_P_1 = exp(-DELTAG_1 /(R_u*TmDT )) 

"Second find K_P_2 at TpDT" 

Tp DT =T_reac+ D E LT AT 

g_C02_2=Enthalpy(C02,T=TpDT )-(TpDT) *Entropy(C02,T=TpDT ,P=101.3) 
g_02_2=Enthalpy(02 ,T =T pDT )-(TpDT) *Entropy(02,T=TpDT ,P=101.3) 
g_CH4_2=Enthalpy(CH4,T=TpDT )-(TpDT) *Entropy(CH4,T=TpDT ,P=1 01 .3) 
g_H20_2=Enthalpy(H20,T=TpDT )-(TpDT) *Entropy(H20,T=TpDT ,P=1 01 .3) 
"The standard-state Gibbs function is" 

DELTAG_2 =1 *g_C02_2+2*g_H20_2-1 *g_CH4_2-2*g_02_2 
"The equilibrium constant is given by Eq. 15-14." 

K_P_2 = exp(-DELTAG_2 /(R_u*TpDT )) 

"Estimate the enthalpy of reaction by using the integrated van't Hoff equation." 
ln(K_P_2/K_P_1)=h_bar_Rkp/R_u*(1/(TmDT)-1/(TpDT)) 

"The enthalpy of reaction is obtained from the energy balance:" 
h_bar_Reng = H_P-H_R 


H_R= 1 *h_CH4+2*h_02 
H_P=1 *h_C02+2*h_H20 
h_CH4=ENTHALPY(CH4,T =T_reac) 
h_02=ENTHALPY(02,T=T_reac) 
h_C02=ENTHALPY(C02,T=T_reac) 
h_H20=ENTHALPY(H20,T =T_reac) 

SOLUTION 

Variables in Main 
DELT AG_ 1 =-791208 [kJ/kmol] 
DELTAT=10 [K] 
g_CH4_2=-728962 [kJ/kmol] 
g_C02_2=- 1 081734 [kJ/kmol] 
g_H20_2=-836564 [kJ/kmol] 
g_02_2=-6 17459 [kJ/kmol] 
h_bar_Rkp=-819472 [kJ/kmol] 
h_C02=-271531 [kJ/kmol] 
h_02=78437 [kJ/kmol] 

H_R=263708 [kJ/kmol] 
K_P_2=2.893E+16 
TmDT=2490 [K] 

T_reac=2500 [K] 


DELTAG_2=-79098 1 [kJ/kmol] 
g_CH4_l=-722303 [kJ/kmol] 
g_CO2_l=-1075278 [kJ/kmol] 
g_H2O_l=-831031 [kJ/kmol] 
g_02_l=-61 1914 [kJ/kmol] 
h_bar_Reng=-8 1 9472 [kJ/kmol] 
h_CH4=106833 [kJ/kmol] 
h_H20=-1421 17 [kJ/kmol] 
H_P=-555765 [kJ/kmol] 
K_P_1=3.966E+16 
R_u=8.314 [kJ/kmol-K] 
TpDT=2510 [K] 
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Phase Equilibrium 


16-57 


16-59C No. Because the specific gibbs function of each phase will not be affected by this process; i.e., we will still have 

Sf — Sg- 


16-60C Yes. Because the number of independent variables for a two -phase (PH=2), two-component (C= 2) mixture is, 
from the phase rule, 

IV = C - PH + 2 = 2- 2 + 2 = 2 

Therefore, two properties can be changed independently for this mixture. In other words, we can hold the temperature 
constant and vary the pressure and still be in the two-phase region. Notice that if we had a single component (C=l) two 
phase system, we would have IV=1, which means that fixing one independent property automatically fixes all the other 
properties. 


11-61C Using solubility data of a solid in a specified liquid, the mass fraction w of the solid A in the liquid at the interface 
at a specified temperature can be determined from 

mf/1 = 

^solid ^liquid 

where m so iid is the maximum amount of solid dissolved in the liquid of mass ra^id at the specified temperature. 


11-62C The molar concentration Q of the gas species i in the solid at the interface Q so iid side (0) is proportional to the partial 
pressure of the species i in the gas P x gas S id e (0) on the gas side of the interface, and is determined from 

^i, solidside (0) — S x Pj gasside (0) (kmol/m ) 

where S is the solubility of the gas in that solid at the specified temperature. 


11-63C Using Henry’s constant data for a gas dissolved in a liquid, the mole fraction of the gas dissolved in the liquid at the 
interface at a specified temperature can be determined from Henry’s law expressed as 


Ti, liquid side 


P 


i, gas side 


(0) 


H 


where H is Henry ’s constant and P i gas S id e (0) is the partial pressure of the gas i at the gas side of the interface. This relation 
is applicable for dilute solutions (gases that are weakly soluble in liquids). 
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16-64E The maximum partial pressure of the water evaporated into the air as it emerges from a porous media is to be 
determined. 

Assumptions The air and water-air solution behave as ideal solutions so that Raoult’s law may be used. 

Analysis The saturation temperature of water at 70 °F is 
^sat@ 70 °F = 0.36334 psia 

Since the mole fraction of the air in the liquid water is essentially zero, 

^v.max “ 1 x ^sat@ 7 o°F = 0.36334 psia 


16-65E Water is sprayed into air, and the falling water droplets are collected in a container. The mass and mole fractions of 
air dissolved in the water are to be determined. 

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is saturated since water is constantly sprayed into it. 3 
Air is weakly soluble in water and thus Henry’s law is applicable. 

Properties The saturation pressure of water at 80°F is 0.5075 psia (Table A-4E). Henry’s constant for air dissolved in water 
at 80°F (300 K) is given in Table 16-2 to be H = 74,000 bar. Molar masses of dry air and water are 29 and 18 lbm / lbmol, 
respectively (Table A-l). 

Analysis Noting that air is saturated, the partial pressure of water vapor 
in the air will simply be the saturation pressure of water at 80°F, 

^vapor = ^sat @ 80°F = 0.5075 psia 
Then the partial pressure of dry air becomes 

P dry air = P-P vapor = 14.3-0.5075 = 13.793 psia 


From Henry’s law, the mole fraction of air in the water is determined to be 


P r 


y dryair,liquidside 


dry air,gasside 

H 


13.793 psia(l atm/ 14.696 psia) ^ ^ _ 5 

— — - = 1.29x10 ~ 5 

74,000 bar (1 atm/1.01325 bar) 


which is very small, as expected. 

The mass and mole fractions of a mixture are related to each other by 


mf / = — 


A UM t 


M; 


m m N m M m 


= yi 


M 


m 


where the apparent molar mass of the liquid water - air mixture is 

M y i M i ~ A liq uid water - ^ water ^dryair^dryair 

= 1 x 18.0 + 0 x 29.0 = 18.0kg/kmol 


Then the mass fraction of dissolved air in liquid water becomes 


M dry air _ n 00win -5^29 

^^diy air, liquid side — ^dry air, liquidside(O) yy — (1.29x10 ) 


M 


m 


18 


2.08 xlO -5 
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16-59 


16-66 It is to be shown that a saturated liquid- vapor mixture of refrigerant- 134a at -10°C satisfies the criterion for phase 
equilibrium. 

Analysis Using the definition of Gibbs function and enthalpy and entropy data from Table A-l 1, 
g f = h f - Ts f = (38.53 kJ/kg) - (263.15 K)(0. 15496 kJ/kg • K) = -2.248 kJ/kg 
g g =h g - Ts g =(244.55 kJ/kg)- (263.15 K)(0. 93782 kJ/kg • K) = -2.234 kJ/kg 

which are sufficiently close. Therefore, the criterion for phase equilibrium is satisfied. 


16-67 It is to be shown that a mixture of saturated liquid water and saturated water vapor at 300 kPa satisfies the criterion 
for phase equilibrium. 

Analysis The saturation temperature at 300 kPa is 406.7 K. Using the definition of Gibbs function and enthalpy and entropy 
data from Table A-5, 

g f = h f - Ts f = (561.43 kJ/kg) - (406.7 K)(1.6717 kJ/kg • K) = -1 18.5 kJ/kg 
g=h- Ts = (2724.9 kJ/kg) - (406.7 K)(6.9917 kJ/kg • K) = -1 18.6 kJ/kg 

which are practically same. Therefore, the criterion for phase equilibrium is satisfied. 


16-68 The values of the Gibbs function for saturated refrigerant- 1 34a at 280 kPa are to be calculated. 

Analysis The saturation temperature of R-134a at 280 kPa is — 1.25°C (Table A- 12). Obtaining other properties from Table 
A- 12, the Gibbs function for the liquid phase is, 

g f —h f —Ts f =50. 16 kJ/kg -(-1.25 + 273. 15 K)(0. 19822 kJ/kg • K) = -3.735kJ/kg 
For the vapor phase, 

g =h-Ts g =249.77 kJ/kg -(-1.25 + 273.15 K)(0.93228 kJ/kg -K) = -3.721kJ/kg 

o o o 

The results agree and demonstrate that phase equilibrium exists. 


R-134a 
280 kPa 
x = 0.70 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 




16-60 


16-69E The values of the Gibbs function for saturated steam at 500°F as a saturated liquid, saturated vapor, and a mixture 
of liquid and vapor are to be calculated. 

Analysis Obtaining properties from Table A-4E, the Gibbs function for the liquid phase is, 

g f =h f —Ts f = 487.89 Btu/lbm- (959.67 R)(0.6890 Btu/lbm- R) = -173.3Btu/lbm 

For the vapor phase, 

g g =h g —Ts g =1202.3 Btu/lbm- (959.67 R)(l .4334 Btu/lbm- R) = -173.3Btu/lbm 
For the saturated mixture with a quality of 40%, 

h = h f + xh fg = 487.89 Btu/lbm + (0.40)(7 14. 44 Btu/lbm) = 773.67 Btu/lbm 
s = s f + xs fg = 0.6890 Btu/lbm- R + (0.40)(0.7445 Btu/lbm- R) = 0.9868 Btu/lbm- R 
g = h-Ts = 773.67 Btu/lbm- (959.67 R)(0.9868 Btu/lbm- R) = -1 73.3Btu/lbm 

The results agree and demonstrate that phase equilibrium exists. 


Steam 

500°F 


16-70 A liquid-vapor mixture of ammonia and water in equilibrium at a specified temperature is considered. The pressure of 
ammonia is to be determined for two compositions of the liquid phase. 

Assumptions The mixture is ideal and thus Raoult’s law is applicable. 

Analysis According to Raoults’s law, when the mole fraction of the 
ammonia liquid is 20%, 

^nh 3 = y f, NH 3 -^sat,NH 3 (^) — 0.20(615.3 kPa) = 123.1kPa 
When the mole fraction of the ammonia liquid is 80%, 

^nh 3 = T/,NH 3 ^sat,NH 3 (T) = 0.80(615.3 kPa) = 492.2kPa 



16-71 Using the liquid- vapor equilibrium diagram of an oxygen-nitrogen mixture, the composition of each phase at a 
specified temperature and pressure is to be determined. 

Analysis From the equilibrium diagram (Fig. 16-21) we read 

Liquid: 30% N 2 and 70% 0 2 

Vapor: 67% N 2 and 33% 0 2 


16-72 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the temperature is 
to be determined for a specified composition of the vapor phase. 

Analysis From the equilibrium diagram (Fig. 16-21) we read 

T=82K. 
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16-73 Using the liquid- vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the mass of the 
oxygen in the liquid and gaseous phases is to be determined for a specified composition of the mixture. 

Properties The molar masses of 0 2 is 32 kg/kmol and that of N 2 is 28 kg/kmol (Table A-l). 

Analysis From the equilibrium diagram (Fig. 16-21) at T = 84 K, the oxygen mole fraction in the vapor phase is 34% and 
that in the liquid phase is 70%. That is, 

>7,02 =0.70 and y gQ2 = 0.34 
The mole numbers are 

N 02 = = 30 kg — = 0.9375 kmol 

M 02 32 kg/kmol 

)Vm ,»te = 40 kg = | 429kmo , 

M m 28 kg/kmol 
/V total = 0.9375 + 1.429 = 2.366 kmol 

The total number of moles in this system is 

N f +N g = 2.366 (1) 

The total number of moles of oxygen in this system is 
0.7 Nj + 0.34 N g = 0.9375 (2) 

Solving equations (1) and (2) simultneously, we obtain 
N f = 0.3696 
N g =1.996 

Then, the mass of oxygen in the liquid and vapor phases is 

m f Q 2 = y fG 2 N fM 01 = (0.7)(0.3696 kmol)(3 2 kg/kmol) = 8.28kg 
wig 02 = y g ,o 2 ^i>^o 2 = (0.34)(1. 996 kmol)(32 kg/kmol) = 2 1.72kg 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



16-62 


16-74 Using the liquid- vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the total mass of 
the liquid phase is to be determined. 

Properties The molar masses of 0 2 is 32 kg/kmol and that of N 2 is 28 kg/kmol (Table A-l). 

Analysis From the equilibrium diagram (Fig. 16-21) at T = 84 K, the oxygen mole fraction in the vapor phase is 34% and 
that in the liquid phase is 70%. That is, 

> 7,02 =0.70 and 37,02 = 0.34 

Also, 

.v /,N2 = °- 30 and .Vg,N2 = °- 66 
The mole numbers are 

N 02 = = — — = 0 9375 kmol 

M 02 32 kg/kmol 

Al w; =” ^ = 401:8 = 1 .429 kmol 

M m 28 kg/kmol 

A total = 0.9375 + 1 .429 = 2.366 kmol 
The total number of moles in this system is 

N f +N g = 2.366 (1) 

The total number of moles of oxygen in this system is 
0.7 N f + 0.34 N g = 0.9375 (2) 

Solving equations (1) and (2) simultneously, we obtain 
N f = 0.3696 
N g =1.996 

The total mass of liquid in the mixture is then 

m f , total “ m f , 02 + m f, 02 

= y f ,02^ fM Q2 + 

= (0.7X0.3696 kmol)(32 kg/kmol) + (0.3)(0.3696 kmol)(28 kg/kmol) 

= 11. 38kg 
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16-75 A rubber wall separates 0 2 and N 2 gases. The molar concentrations of 0 2 and N 2 in the wall are to be determined. 
Assumptions The 0 2 and N 2 gases are in phase equilibrium with the rubber wall. 

Properties The molar mass of oxygen and nitrogen are 32.0 and 28.0 kg/kmol, respectively (Table A-l). The solubility of 
oxygen and nitrogen in rubber at 298 K are 0.00312 and 0.00156 kmol/m -bar, respectively (Table 16-3). 


Analysis Noting that 500 kPa = 5 bar, the molar densities of oxygen 
and nitrogen in the rubber wall are determined to be 

^0 2 ,solidside(^) — S X 7q 2 , gas side 

= (0.003 12 kmol/m 3 .bar)(5 bar) 

= 0.0156 kmol/m 3 

^N 2 , solidside(^) — S X sj 2 , gas side 


0 2 
25 °C 
500 kPa 


= (0.00156 kmol/m 3 .bar )(5 bar) 

= 0.00780 kmol/m 3 


Rubber 

plate 


C ()2 

Cn2 


n 2 

25°C 
500 kPa 


• 3 

That is, there will be 0.0156 kmol of 0 2 and 0.00780 kmol of N 2 gas in each m volume of the rubber wall. 


16-76 A rubber plate is exposed to nitrogen. The molar and mass density of nitrogen in the iron at the interface is to be 
determined. 

Assumptions Rubber and nitrogen are in thermodynamic equilibrium at the interface. 

Properties The molar mass of nitrogen is M — 28.0 kg/kmol (Table A-l). The solubility of nitrogen in rubber at 298 K is 
0.00156 kmol/m 3 -bar (Table 16-3). 

Analysis Noting that 250 kPa = 2.5 bar, the molar density of nitrogen in the rubber at the interface is determined to be 

^N 2 ,solidside(^) — ^ X ^N 2 , gas side 

= (0.00156 kmol/m 3 . bar )(2.5 bar) 

= 0.0039 kmol/m 3 

It corresponds to a mass density of 

/^N 2 ,solidside(^) — ^N 2 ,solidside(^)^N 2 

= (0.0039 kmol/m 3 )(28 kg/kmol) 

= 0.1092 kg/m 3 

3 

That is, there will be 0.0039 kmol (or 0.1092 kg) of N 2 gas in each m volume of iron adjacent to the interface. 
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P 


y §, h 2 o - 


h 2 o 


p 


total 


P 


y §, nh, - 


NH, 




total 


1.70 kPa 
702. lkPa 

700.44 kPa 
702.1kPa 


= 0.0024 or 0.24% 


= 0.9976 or 99.76% 


16-77 A liquid-vapor mixture of ammonia and water in equilibrium at a specified temperature is considered. The 
composition of the liquid phase is given. The composition of the vapor phase is to be determined. 

Assumptions The mixture is ideal and thus Raoult’s law is applicable. 

Properties At 30 °C,P satHi0 =4.247 kPa and P sat? NH 3 =1167.4 kPa. 

Analysis The vapor pressures are 

^h 2 o = y f, h 2 o^ > at,H 2 o CO = 0.40(4.247 kPa) = 1.70 kPa 
^nh 3 = y f, nh 3 ^sat,NH 3 (O = 0.60(1 167.4 kPa) = 700.44 kPa 

Thus the total pressure of the mixture is 

Ptotai = Ph 2 o + ^nh 3 = (1-70 + 700.44) kPa = 702. 1 kPa 

Then the mole fractions in the vapor phase become 



16-78 An ammonia-water absorption refrigeration unit is considered. The operating pressures in the generator and absorber, 
and the mole fractions of the ammonia in the strong liquid mixture being pumped from the absorber and the weak liquid 
solution being drained from the generator are to be determined. 

Assumptions The mixture is ideal and thus Raoult’s law is applicable. 

Properties At 0°C,P sat H2 o = 0.61 12 kPa and at 46°C,P sat H20 =10.10kPa (Table A-4). The saturation pressures of 
ammonia at the same temperatures are given to be 430.6 kPa and 1830.2 kPa, respectively. 

Analysis According to Raoults’s law, the partial pressures of ammonia and water are given by 

^g,NH3 = >7,NH3^sat,NH3 

^g,H20 “ y /,H2o0at,H2O “ 0“ ^/.N H3 )^sat,H20 


Using Dalton’s partial pressure model for ideal gas mixtures, the mole fraction of the ammonia in the vapor mixture is 

y f, NH3^sat,NH3 


y g,NH3 - 

0.96 = 


y f, NH3^sat,NH3 + 0- 3 ; /,NH3^ > sat,H20 ) 

430.6y fNH3 

430.6y fNH3 + 0.61 12(1 - y fNH3 ) 


y f, NH3 


= 0.03294 


Then, 


P ~ 3 ; /,NH3^sat,NH3 + ^ ->%, NH3 )^sat,H20 

= (0.03294)(430.6) + (1 - 0.03294)(0.61 12) = 1 4.78kPa 


Performing the similar calculations for the regenerator, 


0.96 


1 830.2 yy NH3 

1830.2yy NH3 + 10.10(l-y^ NH3 ) 


y f, NH3 -0.1170 


P = (0. 1 170)(1 830.2) + (1 - 0. 1 170X10. 10) = 223. IkPa 
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16-79 An ammonia-water absorption refrigeration unit is considered. The operating pressures in the generator and absorber, 
and the mole fractions of the ammonia in the strong liquid mixture being pumped from the absorber and the weak liquid 
solution being drained from the generator are to be determined. 

Assumptions The mixture is ideal and thus Raoult’s law is applicable. 

Properties At 6°C, P sal H20 = 0.9353 kPa and at 40°C, P sat> H 20 = 7.3851 kPa (Table A-4 or EES). The saturation pressures 
of ammonia at the same temperatures are given to be 534.8 kPa and 1556.7 kPa, respectively. 

Analysis According to Raoults’s law, the partial pressures of ammonia and water are given by 

^g,NH3 = y /,NH3 ^sat,NH3 

Pg,mO = y /,H20^sat,H20 = 0 “ J/, NH3 )^sat,H20 

Using Dalton’s partial pressure model for ideal gas mixtures, the mole fraction of the ammonia in the vapor mixture is 

y /,NH3^°sat,NH3 


y g,NH3 


0.96 = 


y f, NH3^sat,NH3 + 0- ~ J/,NH3^sat,H20 ) 

534.8yy NH3 

534.8yy NH3 +0.9353(1 - yy NH3 ) 


y f, NH3 


= 0.04028 


Then, 


P ~ y f, NH3^sat,NH3 + 0- ^/, NH3 )7 > sat,H20 

= (0.04028)(534.8) + (l-0.04028)(0.9353) = 22.44kPa 
Performing the similar calculations for the regenerator, 

1556.7y^ NH3 


0.96 = 


y f, NH3 


1556.7 NH3 + 7 .385 1(1 yy ?N H 3 ) 

P = (0. 1022X1556.7) + (1 -0. 1022)(7.385 1) = 1 65.7kPa 


= 0.1022 
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16-80 A liquid mixture of water and R-134a is considered. The mole fraction of the water and R-134a vapor are to be 
determined. 


Assumptions The mixture is ideal and thus Raoult’s law is applicable. 


Properties At 20°C, P sat H20 = 2.3392 kPa and P satR = 572.07 kPa (Tables A-4, A-l 1). The molar masses of water and R- 
134a are 18.015 and 102.03 kg/kmol, respectively (Table A-l). 


Analysis The mole fraction of the water in the liquid mixture is 


y f, H20 


N f, H20 _ mo^mo 

N total ( m f /,H20 ! M H2 o ) + ( m f /, R I M R ) 


0.9/18.015 

(0.9 / 18.015) + (0.1 / 102.03) 


0.9808 


H 2 0 + R-134a 
20°C 


According to Raoults’s law, the partial pressures of R-134a and water in the vapor mixture are 
P gR = y r R P satR =(1- 0.9808X572.07 kPa) = 10.98 kPa 

Pg, H 20 = y f, H 20 ^sat,H 20 = (0.9808)(2.3392 kPa) = 2.294kPa 
The total pressure of the vapor mixture is then 

Ptotai = Pg,R +Pg,H2G =10.98- +2.294 = 13.274 kPa 


Based on Dalton’s partial pressure model for ideal gases, the mole fractions in the vapor phase are 


y g,H20 


P g, H2Q 

p 

total 


2.294 kPa 

= 0.1728 

13.274kPa 


y 


p. 




^total 


10.98 kPa „ 

= 0.8272 

13.274kPa 
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16-81 A glass of water is left in a room. The mole fraction of the water vapor in the air and the mole fraction of air in the 
water are to be determined when the water and the air are in thermal and phase equilibrium. 

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is saturated since the humidity is 100 percent. 3 Air is 
weakly soluble in water and thus Henry’s law is applicable. 

Properties The saturation pressure of water at 27°C is 3.568 kPa (Table A-4). Henry’s constant for air dissolved in water at 
27°C (300 K) is given in Table 16-2 to be H = 74,000 bar. Molar masses of dry air and water are 29 and 18 kg/kmol, 
respectively (Table A-l). 

Analysis (a) Noting that air is saturated, the partial pressure of water vapor in the air will simply be the saturation pressure 
of water at 27 °C, 


-Pyapor = P S at @ 27°c = 3-568 kP a (Table A-4 or EES) 


Assuming both the air and vapor to be ideal gases, the mole fraction of 
water vapor in the air is determined to be 


R 


y vapor 


vapor 

P 


3.568 kPa 
97 kPa 


= 0.0368 


(b) Noting that the total pressure is 97 kPa, the partial pressure of dry air is 
P diy air =P- P v apor = 97 - 3.568 = 93.43 kPa = 0.9343 bar 


From Henry’s law, the mole fraction of air in the water is determined to be 




iy air, liquids id e 


R 


dry air, gas side 


H 


0.9343 bar 
74,000 bar 


1.26 xlO" 5 


Air 
27°C 
97 kPa 


(/)= 100 % 



Water 

27°C 



Discussion The amount of air dissolved in water is very small, as expected. 
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16-82 A carbonated drink in a bottle is considered. Assuming the gas space above the liquid consists of a saturated mixture 
of C0 2 and water vapor and treating the drink as a water, determine the mole fraction of the water vapor in the C0 2 gas and 
the mass of dissolved C0 2 in a 300 ml drink are to be determined when the water and the C0 2 gas are in thermal and phase 
equilibrium. 

Assumptions 1 The liquid drink can be treated as water. 2 Both the C0 2 and the water vapor are ideal gases. 3 The C0 2 gas 
and water vapor in the bottle from a saturated mixture. 4 The C0 2 is weakly soluble in water and thus Henry’s law is 
applicable. 

Properties The saturation pressure of water at 27°C is 3.568 kPa (Table A-4). Henry’s constant for C0 2 dissolved in water 
at 27°C (300 K) is given in Table 16-2 to be H = 1710 bar. Molar masses of C0 2 and water are 44 and 18 kg/kmol, 
respectively (Table A-l). 

Analysis (a) Noting that the C0 2 gas in the bottle is saturated, the partial pressure of water vapor in the air will simply be 
the saturation pressure of water at 27 °C, 

Py apor = ^sat @ 27°C = 3.568 kPa (more accurate EES value compared to interpolation value from Table A-4) 


Assuming both C0 2 and vapor to be ideal gases, the mole fraction of water vapor in the C0 2 gas becomes 


R 


y vapor 


vapor 

P 


3.568 kPa 
115 kPa 


0.0310 


(b) Noting that the total pressure is 1 15 kPa, the partial pressure of C0 2 is 
P COo gas ^-^vapoi—ns -3.568 = 111.4 kPa = 1.114bar 


From Henry’s law, the mole fraction of C0 2 in the drink is determined to be 


y C02,liquidside 


R 


C 02, gas side 


H 


1.114 bar 
1710 bar 


6.52 xl(T 4 


Then the mole fraction of water in the drink becomes 

^ water, liquidside — ^ — .^(202, liquidside ~ ^ ~ 6.52 X 10 — 0.9993 


The mass and mole fractions of a mixture are related to each other by 


mf, = — 


m 


m 




M; 


= yi 


M 


m 


where the apparent molar mass of the drink (liquid water - C0 2 mixture) is 


M rn = X - V ' M ' = y ' 'q u 'd water ^ water + y 0 oi M col = 0-9993 x 18.0 + (6.52 x KT 4 ) x 44 = 18.03 kg/kmol 
Then the mass fraction of dissolved C0 2 gas in liquid water becomes 

m fc 02, liquidside = )A02, liquidside (0) ^ ° 2 = 6-52 X 10 4 ^ ^ = 0.00159 


Therefore, the mass of dissolved C0 2 in a 300 ml « 300 g drink is 
m co 2 = m fco 2 m m = (0.00159X300 g) = 0.477g 
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16-69 


Review Problems 


16-83 The mole fraction of argon that ionizes at a specified temperature and pressure is to be determined. 
Assumptions All components behave as ideal gases. 

Analysis The stoichiometric and actual reactions can be written as 

Stoichiometric: Ar <=> Ar + + e~ (thus =1, v M+ = 1 and v = 1) 

Actual: Ar > xAr + yAr + + ye~ 

react. products 

Ar balance: 1 = x + y or y = 1 — x 

Total number of moles: 7V total = x + 2y = 2-x 

The equilibrium constant relation becomes 



k p = 


N V £N? 


n'£ 


p } 

(v V h V" V a ' ) y 2 

' P ^ 

v ^ total j 


V ^ total y 


1 + 1-1 


Substituting, 


0.00042 


( l -*) 2 


' 0.35 A 

{.2-Xy 


Solving for x, 

x = 0.965 

Thus the fraction of Ar which dissociates into Ar + and e" is 
1 -0.965 = 0.035 or 3.5% 
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16-70 


16-84 The equilibrium constant of the dissociation process 0 2 <-» 20 is given in Table A-28 at different temperatures. The 
value at a given temperature is to be verified using Gibbs function data. 

Analysis The K P value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K p = e - AG * (T > IR ’. T or i n K p = -AG * ( T) / R U T 

where 

AG*(T) = v 0 go(T)-v 02 go 2 <T) 

= v 0 (h-Ts) 0 -v Qi (h -Ts)q 2 

- V 0 [(hf +/22000 - ^298)“^ r ]o ~ V 0 2 K hf + ^2000 “ ^298) “ ^]o 2 

= 2 x (249,1 90 + 42,564 - 6852 - 2000 x 20 1 . 1 35) 

- 1 x (0 + 67,88 1 - 8682 - 2000 x 268.655) 

= 243,375 kJ/kmol 

Substituting, 

In K p = -(243,375 kJ/kmol)/[(8.3 14 kJ/kmol- K)(2000 K)] = -14.636 
or 

K p = 4.4 x 10 7 (Table A-28: In K P = -14.622) 



16-85 The equilibrium constant for the reaction CH 4 + 20 2 <=> C0 2 + 2H 2 0 at 100 kPa and 2000 K is to be determined. 
Assumptions 1 The constituents of the mixture are ideal gases. 

Analysis This is a simultaneous reaction. We can begin with the dissociation of methane and carbon dioxide, 

CH 4 <=>C + 2H, K P =e~ 7 ' 847 

C + 0 2 <=>C0 2 K P =e 23& 39 

When these two reactions are summed and the common carbon term 
cancelled, the result is 

CH 4 +O z <=> C0 2 +2H 2 Kp =e '23.83^7.847, =g 15.992 

Next, we include the water dissociation reaction (Table A-28), 

2H 2 +0 2 <=> 2H 2 0 K P = e 2(SA45) = e 16 ' 29 

which when summed with the previous reaction and the common hydrogen term is cancelled yields 
CH 4 +20 2 <=>C0 2 +2H 2 0 Kp =e 15 - 9 92+16.29 =e 32282 


CH 4 +20 2 <=> 
C0 2 +2H 2 0 

2000 K 
100 kPa 


Then, 

In K P = 32.282 
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16-86 A glass of water is left in a room. The mole fraction of the water vapor in the air at the water surface and far from the 
surface as well as the mole fraction of air in the water near the surface are to be determined when the water and the air are at 
the same temperature. 

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is weakly soluble in water and thus Henry’s law is 
applicable. 

Properties The saturation pressure of water at 25 °C is 3.170 kPa (Table A-4). Henry’s constant for air dissolved in water at 
25°C (298 K) is given in Table 16-2 to be H = 71,600 bar. Molar masses of dry air and water are 29 and 18 kg/kmol, 
respectively (Table A-l). 

Analysis (a) Noting that the relative humidity of air is 70%, the partial pressure of water vapor in the air far from the water 
surface will be 

room air = ^sat@25°C = (0.7X3. 170 kPa) = 2.219 kPa 


Assuming both the air and vapor to be ideal gases, the mole fraction of water 
vapor in the room air is 


y 


vapor 


vapor 

P 


2.219 kPa 
100 kPa 


0.0222 


(or 2.22%) 


(b) Noting that air at the water surface is saturated, the partial pressure of water 
vapor in the air near the surface will simply be the saturation pressure of water at 
25°C, 7^ i nterface = P sat@ 25 o C = 3.170 kPa . Then the mole fraction of water 

vapor in the air at the interface becomes 


y 


v, surface 


surface 

P 


3.170 kPa 
100 kPa 


= 0.0317 


(or 3.17%) 



Water 

25°C 



(c) Noting that the total pressure is 100 kPa, the partial pressure of dry air at the water surface is 
^air, surface ~ ^ ^’.surface = 100 3.170 — 96.83 kPa 


From Henry’s law, the mole fraction of air in the water is determined to be 


y dry air,liquidside 


P, 


dry air, gas side 


H 


(96.83/ 100) bar = 1 3 ^ s 
71,600 bar 


Discussion The water cannot remain at the room temperature when the air is not saturated. Therefore, some water will 
evaporate and the water temperature will drop until a balance is reached between the rate of heat transfer to the water and 
the rate of evaporation. 
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16-87 A glass of water is left in a room. The mole fraction of the water vapor in the air at the water surface and far from the 
surface as well as the mole fraction of air in the water near the surface are to be determined when the water and the air are at 
the same temperature. 

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is weakly soluble in water and thus Henry’s law is 
applicable. 

Properties The saturation pressure of water at 25 °C is 3.170 kPa (Table A-4). Henry’s constant for air dissolved in water at 
25°C (298 K) is given in Table 16-2 to be H = 71,600 bar. Molar masses of dry air and water are 29 and 18 kg/kmol, 
respectively (Table A-l). 

Analysis (a) Noting that the relative humidity of air is 40%, the partial pressure of water vapor in the air far from the water 
surface will be 

room air = ^sat@25°C = (0.25X3.170 kPa) = 0.7925 kPa 


Assuming both the air and vapor to be ideal gases, the mole fraction of water vapor in the room air is 


-y V£ 


vapor 


P 

vapor 

P 


0.7925 kPa 
100 kPa 


= 0.0079 


(or 0.79%) 


(b) Noting that air at the water surface is saturated, the partial pressure of water vapor in the air near the surface will 
simply be the saturation pressure of water at 25 °C, P v i nter f ace = P sat @ 2 5°c — 3. 170 kPa . Then the mole fraction of water 

vapor in the air at the interface becomes 


y v, surface 


Py, surface 

P 


3.170 kPa 
100 kPa 


= 0.0317 


(or 3.17%) 


(c) Noting that the total pressure is 100 kPa, the partial pressure of dry air at the water surface is 


^air, surface 


p - K , surface = 100 - 3. 170 = 96.83 kPa 


From Henry’s law, the mole fraction of air in the water is determined to be 


y dry air,liquidside 


P, 


dry air, gas side 


H 


(96.83/ 100) bar 
71,600 bar 


Discussion The water cannot remain at the room temperature when the air is not saturated. Therefore, some water will 
evaporate and the water temperature will drop until a balance is reached between the rate of heat transfer to the water and 
the rate of evaporation. 
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16-73 



16-88 s ^ y Methane gas is burned with stoichiometric amount of air during a combustion process. The equilibrium 
composition and the exit temperature are to be determined. 

Assumptions 1 The product gases consist of C0 2 , H 2 0, CO, N 2 , and 0 2 . 2 The constituents of the mixture are ideal gases. 
3 This is an adiabatic and steady-flow combustion process. 

Analysis (a) The combustion equation of CH 4 with stoichiometric amount of 0 2 can be written as 

> xC0 2 + (1 - x)CO + (0.5 - 0.5x)O 2 + 2H 2 0 + 7.52N 2 


CH 4 + 2(0 2 +3.76N 2 ) - 

After combustion, there will be no CH 4 present in the combustion chamber, and H 2 0 will act like an inert gas. The 
equilibrium equation among C0 2 , CO, and 0 2 can be expressed as 

C0 2 <=>C0 + y0 2 (thus v COi =1, v co =1, and v Qi =~) 

\( v CO +v 02 ~ V C02^ 


v CO AT V °2 f 


and 


K _ N c8Kq 2 

P N Vc ° 2 
iV co, 


p 


V total J 


where 7V total = x + (l — x) + (1.5 - 0.5x) + 2 + 7.52 = 12.02 - 0.5x 
Substituting, 




(l-x)(0.5-0.5x) 


0.5 


X 


1 


12.02 -0.5x 


\ 1.5-1 



CO 

co 2 

h 2 0 

o 2 

N 2 


The value of K P depends on temperature of the products, which is yet to be determined. A second relation to determine K P 
and x is obtained from the steady-flow energy balance expressed as 

0 = ^N P (h}+h-h\-^N R (h} +h-h°) R >0 = Y J N P {h}+h-h°) p -Y J N R h° fR 

since the combustion is adiabatic and the reactants enter the combustion chamber at 25 °C. Assuming the air and the 
combustion products to be ideal gases, we have h = h (7). From the tables, 


Substance hf ? kj/kmol h 298K , kj/kmol 


ch 4 (s) 

-74,850 

— 

n 2 

0 

8669 

o 2 

0 

8682 

H 2 0(g) 

-241,820 

9904 

CO 

-110,530 

8669 

co 2 

-393,520 

9364 


Substituting, 

0 = x(-393,520 + h COi - 9364) + (1 - x)(-l 10,530 + h co - 8669) 

+ 2(-24 1,820 + Vo - 9904) + (0.5 -0.5x)(0 + V -8682) 

+ 7.52(0 + — 8669) — 1( — 74,850 + /z 2 — /z 2 ) — 0 — 0 

which yields 

x/z co , +(l _x )^co +(0.5-0.5 x)V + 7.52/z n ^ -279,344 x = 617,329 

Now we have two equations with two unknowns, T P and x. The solution is obtained by trial and error by assuming a 
temperature T P , calculating the equilibrium composition from the first equation, and then checking to see if the second 
equation is satisfied. A first guess is obtained by assuming there is no CO in the products, i.e., x = 1. It yields T P = 2328 K. 
The adiabatic combustion temperature with incomplete combustion will be less. 

Take T p =2300 K > \nK p =-AA9 > x = 0.870 > RHS = 6 41,093 

Take T p = 2250 K > lnA^, =-4.805 > x = 0.893 > RHS = 612,755 

By interpolation, T p = 2258 K and x = 0.889 

Thus the composition of the equilibrium mixture is 

0.889CO 2 +0.111CO + 0.05550 2 +2H 2 0 + 7.52N 2 
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16-89 



Problem 16-88 is reconsidered. The effect of excess air on the equilibrium composition and the exit 


temperature by varying the percent excess air from 0 to 200 percent is to be studied. 
Analysis The problem is solved using EES, and the solution is given below. 


"Often, for nonlinear problems such as this one, good gusses are required to start the solution. First, run the 
program with zero percent excess air to determine the net heat transfer as a function of T_prod. Just press F3 or 
click on the Solve Table icon. From Plot Window 1 , where Q_net is plotted vs T_prod, determnine the value of 
T_prod for Q_net=0 by holding down the Shift key and move the cross hairs by moving the mouse. Q_net is 
approximately zero at T_prod = 2269 K. From Plot Window 2 at T_prod = 2269 K, a, b, and c are approximately 
0.89, 0.1 0, and 0.056, respectively." "For EES to calculate a, b, c, and T_prod directly for the adiabatic case, 
remove the '{ }' in the last line of this window to set Q_net = 0.0. Then from the Options menu select Variable 
Info and set the Guess Values of a, b, c, and T_prod to the guess values selected from the Plot Windows. Then 
press F2 or click on the Calculator icon." 

"Input Data" 

{PercentEx = 0} 

Ex = PercentEX/1 00 
P_prod =101 .3 [kPa] 

R_u=8.314 [kJ/kmol-K] 

T_fuel=298 [K] 

T_air=298 [K] 

"The combustion equation of CH4 with stoichiometric amount of air is 
CH4 + (1+Ex)(2)(02 + 3.76N2)=C02 +2H20+(1+Ex)(2)(3.76)N2" 

"For the incomplete combustion process in this problem, the combustion equation is 
CH4 + (1+Ex)(2)(02 + 3.76N2)=aC02 +bCO + c02+2H20+(1+Ex)(2)(3.76)N2" 

"Specie balance equations" 

"O" 

4=a *2+b +c *2+2 
"C" 

1=a +b 

N_tot =a +b +c +2+(1+Ex)*(2)*3.76 "Total kilomoles of products at equilibrium" 

"We assume the equilibrium reaction is 
CO2=CO+0.5O2" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 
each component as a function of its temperature at 1 atm pressure, 101.3 kPa" 
g_C02=Enthalpy(C02,T=T_prod )-T_prod *Entropy(C02,T=T_prod ,P=1 01 .3) 
g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=1 01 .3) 
g_02=Enthalpy(02,T=T_prod )-T_prod *Entropy(02,T=T_prod ,P=101.3) 

"The standard-state Gibbs function is" 

DELTAG =1 *g_CO+0.5*g_O2-1 *g_C02 
"The equilibrium constant is given by Eq. 16-14." 

K_P = exp(-DELTAG /(R_u*T_prod )) 

P=P_prod/101.3"atm" 

"The equilibrium constant is also given by Eq. 16-15." 

"K_ P = (P/N_tot) A (1 +0.5-1 )*(b A 1*c A 0.5)/(a A 1)" 
sqrt(P/N_tot )*b *sqrt(c )=K_P *a 

"Conservation of energy for the reaction, assuming SSSF, neglecting work , ke, and pe:" 

EJn - E_out = DELTAE_cv 
EJn = C_net + HR 

"The enthalpy of the reactant gases is" 

HR=enthalpy(CH4,T=T_fuel)+ (1+Ex)*(2) *enthalpy(02,T=T_air)+(1+Ex)*(2)*3.76 *enthalpy(N2,T=T_air) 

Eout = HP 

"The enthalpy of the product gases is" 

HP=a *enthalpy(C02,T=T_prod )+b *enthalpy(CO,T=T_prod ) +2*enthalpy(H20,T=T_prod 
)+(1+Ex)*(2)*3.76*enthalpy(N2,T=T_prod ) + c *enthalpy(02,T=T_prod ) 

DELTAE_cv = 0 "Steady-flow requirement" 

O net=0 "For an adiabatic reaction the net heat added is zero." 
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PercentEx 

Tprod 

[K] 

0 

2260 

20 

2091 

40 

1940 

60 

1809 

80 

1695 

100 

1597 

120 

1511 

140 

1437 

160 

1370 

180 

1312 

200 

1259 



Coefficients for C0 2 , CO, and 0 2 vs T prod 
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16-90 The equilibrium partial pressure of the carbon dioxide for the reaction CH 4 + 20 2 <=> C0 2 + 2H 2 0 at 450 kPa and 
3000 K is to be determined. 

Assumptions 1 The equilibrium composition consists of CH 4 , 0 2 , C0 2 , and H 2 0. 2 The constituents of the mixture are ideal 
gases. 

Analysis This is a simultaneous reaction. We can begin with the dissociation of methane and carbon dioxide, 

CH 4 <=>C + 2H 2 K P =e~ 9MS 

C + 0 2 <=>C0 2 Kp = e 15 ' 869 

When these two reactions are summed and the common carbon term 
cancelled, the result is 

CH 4 +0 2 <=> CO, +2H 2 Kp = ^5.869-9.685) =g 6.184 

Next, we include the water dissociation reaction, 

2H 2 + 0 2 <=> 2H 2 0 K P = e 2aom = e 6172 

which when summed with the previous reaction and the common hydrogen term is cancelled yields 
CH 4 +20 2 C0 2 +2H 2 0 Kp = e 6J84f6J72 = e 12356 

Then, 

In K P =12.356 


CH 4 +20 2 <=> 
C0 2 +2H 2 0 

3000 K 
450 kPa 


Actual reeaction: 


C balance: 


CH 4 +20 2 >vCH 4 + y0 2 + zC0 2 + mH 2 0 


react. 


products 


l = X+Z 


+ z = l-x 


H balance: 

O balance: 

Total number of moles: 


4 = 4x + 2m > m = 2 — 2x 

4 = 2y + 2z + m > y = 2x 

N total =x+y + Z+m = 3 


The equilibrium constant relation can be expressed as 


k p = 


AT V C02 AT V H20 

iV C02 iV H20 


P 


\ ,/ CD2 +l/ H20 V CH4 V Q2 


Nc^N o ° 2 2 l+otalj 

Substituting, 

12.356 (l~x)(2-2x) 


2 / a c r\ / i a i t 2 


x(2x) 


450/101.325 


Solving for x, 

x = 0.01601 

Then, 

y = 2x = 0.03201 
z= 1 -jc = 0.98399 
m = 2 -2x = 1.96799 

Therefore, the equilibrium composition of the mixture at 3000 K and 450 kPa is 
0.01601 CH 4 + 0.03201 0 2 +0.98399CO 2 +1.96799H 2 0 
The mole fraction of carbon dioxide is 


_ 0.98399 

y co 2 - 0 


0.3280 


and the partial pressure of the carbon dioxide in the product mixture is 
p co 2 = yco 2 P = (0.3280)(450 kPa) = 1 48kPa 
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16-77 


16-91 Methane is heated from a specified state to another state. The amount of heat required is to be determined without and 
with dissociation cases. 

Properties The molar mass and gas constant of methane are 16.043 kg/kmol and 0.5182 kJ/kg-K (Table A-l). 

Assumptions 1 The equilibrium composition consists of 0 2 and O. 2 The constituents of the mixture are ideal gases. 
Analysis (a) An energy balance for the process gives 


^in ^out 


A F 

system 


Net energy transfer Changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 


2in =W0 2 ~ U \) 

= N 


f 1 ! h\ Ru (^2 ^ 1 ). 


Using the empirical coefficients of Table A-2c, 

2 

r 

P 



z 


h 2 -h, = | c p dT = a (7 ' 2 -T?)+ C -{Tt -T?) + ^(T 2 4 - T t 4 ) 


1 


,-5 


= 19.89(1000 - 298) + (1000 2 - 298 2 ) + L269xl ° (1000 3 - 298 3 ) 

2 3 

+ - 11 - 01 ; 10 "( 1000 4 - 298 4 ) 

= 38,239 kJ/kmol 

Substituting, 

Q m = (10 kmol)[38,239 kJ/kmol- (8. 314 kJ/kmol- K)(1000-298)K] = 324, OOOkJ 
( b ) The stoichiometric and actual reactions in this case are 

Stoichiometric: CH 4 <=>C + 2H 2 (thus v CH4 =1, v c =1 and v m =2) 


Actual: 

C balance: 
H balance: 


CH 4 >xCH 4 + yC + zH 2 

react. products 

1 = v+ y > y = l-x 

4 = 4x + 2z > z = 2 - 2x 


Total number of moles: A total = x+y + z = 3-2x 

The equilibrium constant relation can be expressed as 

\ V C +V H2~ V CH4 


K p = 


Nc c N &( P 


N CH4 V^tot alj 

From the problem statement, at 1000 K, ln^ /? = -2.328 . Then, 


K d = e - 2328 = 0.09749 


Substituting, 


0.09749 = 

Solving for x, 

x = 0.6414 

Then, 


(l-x)(2-2x) 


x 


1 

3-2x 


\ 1 + 2-1 


7 
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y= 1 -* = 0.3586 
z = 2- 2* = 0.7172 

Therefore, the equilibrium composition of the mixture at 1000 K and 1 atm is 
0.6414 CH 4 + 0.3586 C + 0.7172 H 2 
The mole fractions are 


ycm - 


yc - 

y H2 = 


^CH4 
N total 

N total 
^H2 
N total 


0.6414 

0.6414 + 0.3586 + 0.7172 


0.3586 

1.7172 


0.2088 


0.7172 

1.7172 


0.4177 


0.6414 

1.7172 


0.3735 


The heat transfer can be determined from 


Qin - ^(3 7 CH4 C (/,CH4^2 + 3 7 H2 C c/,H2^2 + J C c v,C^2^ ^ C c/,CH4^1 

= (10)[(0.3735)(63.3)(1000) + (0.4177)(21.7)(1000) + (0.2088)(0.71 1)(1000)]- (10)(27.8)(298) 

= 245,700kJ 


16-78 
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16-79 


16-92 Solid carbon is burned with a stoichiometric amount of air. The number of moles of C0 2 formed per mole of carbon 
is to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, 0 2 , and N 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis Inspection of Table A-28 reveals that the dissociation equilibrium constants 
of C0 2 , 0 2 , and N 2 are quite small and therefore may be neglected. (We learned from 
another source that the equilibrium constant for CO is also small). The combustion is 
then complete and the reaction is described by 

C + (0 2 +3.76N 2 ) >C0 2 +3.76N 2 

The number of moles of C0 2 in the products is then 

N CQ2 _ -j 

A c 


Carbon + Air 
25°C 


16-93 Solid carbon is burned with a stoichiometric amount of air. The amount of heat released per kilogram of carbon is to 
be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, 0 2 , and N 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis Inspection of Table A-28 reveals that the dissociation equilibrium 
constants of C0 2 , 0 2 , and N 2 are quite small and therefore may be neglected. 

(We learned from another source that the equilibrium constant for CO is also 
small). The combustion is then complete and the reaction is described by 

C + (0 2 +3.76N 2 ) >C0 2 +3.76N 2 

The heat transfer for this combustion process is determined from the energy balance E- m -E oui = A £ system applied on the 
combustion chamber with W = 0. It reduces to 

- Gout =2>,A;+ h-h° ) P - fo + /7 - /T ° l 

Assuming the air and the combustion products to be ideal gases, we have h = h{T). From the tables, 


Substance 

kJ/kmol 

^29 8K 

kJ/kmol 

'hoooK 

kJ/kmol 

n 2 

0 

8669 

30,129 

co 2 

-393,520 

9364 

42,769 

Substituting, 





- Q out = (l)(- 393,520 + 42,769 - 9364)+ (3.76)(0 + 30,129 - 8669) 
= -279,425 kJ/kmolC 


Carbon + Air 
25°C 


or 


Qoui 


279,425 kJ/kmol 
12kg/kmol 


23,285 k J/kg carbon 
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16-80 

16-94 Methane gas is burned with 30 percent excess air. The equilibrium composition of the products of combustion and the 
amount of heat released by this combustion are to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , H 2 0, 0 2 , NO, and N 2 . 2 The constituents of the mixture are 
ideal gases. 

Analysis Inspection of the equilibrium constants of the possible reactions indicate that only the formation of NO need to be 
considered in addition to other complete combustion products. Then, the stoichiometric and actual reactions in this case are 

Stoichiometric: N 2 +0 2 <^>2NO (thus v N2 =1, v 02 =1, and v NO =2) 


Actual: CH 4 +2.6(0 2 +3.76N 2 ) >C0 2 +2H 2 0 + xN0 + y0 2 + ^N 2 


N balance: 

O balance: 

Total number of moles: 


2x9.776 = x + 2z 


5.2 = 2 + 2 + x + 2 y — 

Af total = 1 + 2 + x+ y + z = 13.38 


>z = 9.776- 0.5 a; 
—>y = 0.6 -0.5 X 


CEL 


The equilibrium constant relation can be expressed as 

f ^ X ( v/ N0 _v/ N2 _v 02) 


K p = 


M v KO 

iV NO 


KfKf 


P 


25°C 
30% excess air 


25°C 




G 


out 


Combustion 

chamber 

1 atm 


co 2 , h 2 o 

NO, 0 2 , N 2 
1600 K 


From Table A-28, at 1600 K, In K p = -5.294 . Since the stoichiometric reaction being considered is double this reaction, 

K p = exp(-2 x 5.294) = 2.522 x 1(T 5 
Substituting, 


2.522 xl(T 5 = 


a: 


(0.6 -0.5a;)(9.766- 0.5a:) 


1 


2 - 1-1 


13.38 


Solving for a, 

a = 0.0121 

Then, 

y = 0.6 - 0.5a = 0.594 
z = 9.776 - 0.5a = 9.77 

Therefore, the equilibrium composition of the products mixture at 1600 K and 1 atm is 

CH 4 +2.6(0 2 +3.76^) >C0 2 +2H 2 O+0.0121NOf 0.59402 +9.77N, 

The heat transfer for this combustion process is determined from the energy balance E m —E out = AZs system applied on the 
combustion chamber with W = 0. It reduces to 

- Gout = X N P (a; + . h h° ) p - J] n r (h° f + h - , ) R 
Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 

h °f 

kJ/kmol 

^298K 

kJ/kmol 

"160CK 

kJ/kmol 

ch 4 

-74,850 

— 

— 

o 2 

0 

8682 

52,961 

n 2 

0 

8669 

50,571 

h 2 o 

-241,820 

9904 

62,748 

co 2 

-393,520 

9364 

76,944 


Neglecting the effect of NO in the energy balance and substituting, 

- Q out = (1)(- 393,520 + 76,944 - 9364) + (2)(-24 1,820 + 62,748 - 9904) + 0.594(52,96 1 - 8682) 
+ (9.77)(50,57 1 - 8669) - (-74,850) 

= -193,500 kJ/kmolCH 4 

or Gout = 1 93,500kJ/kmol CH 4 
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16-81 

16-95E Gaseous octane gas is burned with 40% excess air. The equilibrium composition of the products of combustion is to 
be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , H 2 0, 0 2 , NO, and N 2 . 2 The constituents of the mixture are 
ideal gases. 

Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: N 2 +0 2 <=>2NO (thus v N2 =1, v Q2 =1, and v NO =2) 

Actual: C 8 H 18 +1.4xl2.5(0 2 +3.76N 2 ) >8CC> 2 + 9H 2 0 + xN0 + y0 2 + zN 2 


N balance: 


131.6 = x + 2z >z = 65.8 -0.5x 


O balance: 35 = 16 + 9 + x + 2_y >y = 5 — 0.5x 

Total number of moles: Af total = 8 + 9 + x+;y + z = 87.8 

The equilibrium constant relation can be expressed as 


C«H 




k p = 


M v uo 

iV NO 


f p A^no v m~ v oi^ 


40% excess air 


Combustion 

chamber 

600 psia 


\T V N2 AT V 02 ft . 

^ N2 ^ 02 V total J 


co 2 , H9O 

NO, 0 2 , N 2 
3600 R 


From Table A-28, at 2000 K (3600 R), In K = -3.931 . Since the stoichiometric reaction being considered is double this 
reaction, 

K p =exp(-2x 3.931) = 3.851xl0' 4 
Substituting, 


3.851 xl(T 4 = 


X' 


(5-0.5jcX65.8-0.5x) 


600/14.7 

87.8 


2-1-1 


Solving for x, 

x = 0.3492 

Then, 

y = 5- 0.5x = 4.825 
z = 65.8 -0.5x = 65.63 

Therefore, the equilibrium composition of the products mixture at 2000 K and 4 MPa is 


C 8 H 18 +17.5(0 2 + 3 . 76 N 2 ) >8C0 2 +9H 2 O + 0.3492NO+ 4.8250^ +65.63^ 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



16-82 


16-96 Propane gas is burned with stoichiometric air in an adiabatic manner. The temperature of the products and the 
equilibrium composition of the products are to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , H 2 0, 0 2 , NO, and N 2 . 2 The constituents of the mixture are 
ideal gases. 

Analysis (a) The stoichiometric and actual reactions in this case are 
Stoichiometric: N 2 +0 2 <=>2NO (thus v N2 =1, v Q2 =1, and v NO =2) 

Actual: C 3 H 8 +1.1 x5(0 2 +3.76N 2 ) >3CC> 2 + 4H 2 0 + *N0 + y0 2 + zN 2 


N balance: 


41.36 = x + 2z- 


->z = 20.68 — 0.5* 


O balance: 

Total number of moles: 


11 = 6+4+*+ 2 y = 0.5 -0.5* 


C 3 H 8 Xwwww t 


A^totai — 3 + 4 + * + y + z — 21.18 
The equilibrium constant relation can be expressed as 

f ^ \( V/ N0 _V/ N2 -V 02) 


25°C 


Combustion [ Products 
Chamber 
Air 1 atm 


■>;] 

10% excess air 
25°C 


k p = 


iV NO 


K2K2 \ ^ total J 


P 



We assume that the products will be at 2000 K. Then from Table A-28, at 2000 K, In K p = -3.931 . Since the stoichiometric 
reaction being considered is double this reaction, 

K p = exp( -2 x 3.931) = 3.85 lxlO -4 

Substituting, 


3.851xl0~ 4 = 




( 


(0.5 - 0.5x)(20.68 - 0.5x) 


1 


21.18 


X 2-1-1 


Solving for x, 

x = 0.0611 

Then, 

y = 0.5 - 0.5* = 0.4695 
z = 20.68 - 0.5* = 20.65 

Therefore, the equilibrium composition of the products mixture at 2000 K and 1 atm is 


C 3 H 8 +6(0 2 +3.76N,) >3C0 2 +4H 2 0 + 0.061 1NO+ 0.46950^ +20.65N, 

( b ) From the tables, 

Substance h f ° , kj/kmol h 29 ^ , kj/kmol 


C 3 H 8 (g) -103,850 

0 2 0 8682 

N 2 0 8669 

H 2 0 (g) -241,820 9904 

C0 2 -393,520 9364 


Thus, 

(3)(- 393,520 + h CQ2 - 9364)+ (4)(- 241,820 + h mo -9904)+ (0.061 1)(39,460 + /7 OH -9188) 
+ (0.4695)(o + h Q2 - 8682)+ (20.65)(o + /7 N2 - 8669) = (1)(- 103,850) + 0 + 0 
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16-83 

It yields 

3h CQ2 + 4/z H 20 + 0.061 1 h OH + 0.4695/i O2 + 20.65/i N 2 = 2,292,940 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,292,940/(3+4+0.0611+0.4695+20.65) = 81,366 
kJ/kmol. This enthalpy value corresponds to about 2450 K for N 2 . Noting that the majority of the moles are N 2 , T P will be 
close to 2450 K, but somewhat under it because of the higher specific heat of H 2 0. 

At 2200 K: 

3h col + 4/7 H20 + 0.061 1 h OH + 0.4695/7 O2 + 20.65/7 N2 = 3(1 12,939) + 4(92,940) + 0.061 1(69,932) 

+ 0.4695(75,484) + 20.65(64,810) = 2,088,620 kJ (Lower than 2,292,940) 

At 2400 K: 

3h CQ2 + 4 h mo + 0.061 1 h OH + 0.4695/^2 + 20.65 h m = 3(125,152) + 4(103,508) + 0.061 1(77,015) 

+ 0.4695(83,174) + 20.65(79,320) = 2,471,200 kJ (Higher than 2,292,940) 

By interpolation of the two results, 

T P = 2307 K = 2034°C 
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16-84 


16-97 A mixture of H 2 and 0 2 in a tank is ignited. The equilibrium composition of the product gases and the amount of heat 
transfer from the combustion chamber are to be determined. 

Assumptions 1 The equilibrium composition consists of H 2 0, H 2 , and 0 2 . 2 The constituents of the mixture are ideal gases. 
Analysis (a) The combustion equation can be written as 

H 2 + 0.5 0 2 > iH 2 0 + (1-i)H 2 +(0.5-0.5x)0 2 

The equilibrium equation among H 2 0, H 2 , and 0 2 can be expressed as 
H,0<=>H 2 +\0 2 (thus u H2 o =1, i'h 2 =1, and v 0i =p 

Total number of moles: 7V total = * + (1 — *) + (0.5 - 0.5x) = 1.5 - 0.5x 

The equilibrium constant relation can be expressed as 



N v " 2 N v n ° 2 r 

P V 


N' H 2° 

iV H 2 0 


P 


V ^ total J 


( v h 2 +v o 2 ~ v h 2 o) 


From Table A-28, In K P = -3.812 at 2800 K. Thus K P = 0.02210. Substituting, 


0.0221 = 


(1 — jc)(0.5 - 0.5jc) 


0.5 




1.5 -0.5* 


\ 1 + 0 . 5-1 


Solving for *, * = 0.944 

Then the combustion equation and the equilibrium composition can be expressed as 
H 2 + 0.5O 2 > 0.944H 2 O + 0.056H 2 + 0.0280 2 

and 0.944H 2 O + 0.056H 2 + 0.0280 2 

(b) The heat transfer can be determined from 

-e 0U t=2>te +Ti ~ Ti ° - pu ) P +Ti ~ Ti ° - pu ) R 

Since W = 0 and both the reactants and the products are assumed to be ideal gases, all the internal energy and enthalpies 
depend on temperature only, and the PU terms in this equation can be replaced by R U T. It yields 

“Gout = p(hf +/*2800K “^298K ~K^) p rt (^/ ~^u^) R 

since reactants are at the standard reference temperature of 25 °C. From the tables, 


Substance 

h f 

kj/kmol 

^298 K 

kj/kmol 

^2800 K 

kj/kmol 

H 2 

0 

8468 

89,838 

o 2 

0 

8682 

98,826 

h 2 o 

Substituting, 

-241,820 

9904 

125,198 


— <2 out = 0.944(-24 1,820 + 125,198 - 9904 - 8.3 14 x 2800) 

+ 0.056(0 + 89,838 - 8468 - 8.3 14 x 2800) 

+ 0.028(0 + 98,826 - 8682 - 8.3 14 x 2800) 

- 1(0 - 8.3 14 x 298) - 0.5(0 - 8.3 14 x 298) 

= -l 32,574 kJ/kmolH 2 

or <2 out = 132,574kJ/mol H 2 

The equilibrium constant for the reaction H 2 0 <^> OH + 4H 2 is In K P = -3.763, which is very close to the K P value of the 
reaction considered. Therefore, it is not realistic to assume that no OH will be present in equilibrium mixture. 
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16-85 


16-98 A mixture of H 2 0 and 0 2 is heated to a high temperature. The equilibrium composition is to be determined. 

Assumptions 1 The equilibrium composition consists of H 2 0, OH, 0 2 , and H 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis The reaction equation during this process can be expressed as 

2H 2 0 + 30 2 > iH 2 0 + yH 2 + z0 2 + wOH 

Mass balances for hydrogen and oxygen yield 
H balance: 4 = 2x + 2y + w (1) 

O balance: 8 = * + 2 z + w (2) 

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K P relations) to determine the equilibrium composition of the mixture. They are 

h 2 o <^> H 2 +^0 2 (reaction 1) 

H 2 O^^H 2 +OH (reaction 2) 

The equilibrium constant for these two reactions at 3600 K are determined from Table A-28 to be 



In K PX =-1.392 
In K P1 =-1.088 


K PX = 0.24858 
K P2 = 0.33689 


The K P relations for these two simultaneous reactions are 

P 


Ni ? 2 N ^ 2 f o A Th 2 +' / o 2 -^h 2 o) 


K PX - 


H- 


o- 


N 


k h 2 o 

h 2 o 


V total J 


K P2 - 


M V H 2 Af V OH r 
iV Ho iV OH 


N 


h 2 o 

h 2 o 


P 


V ^ total J 


(* / h 2 +v, oh -v/ h 2 o) 


where 


total -N H2 o+N H 2 +^0 2 + ^OH - -^ + y + Z + W 


Substituting, 


0.24858 = 


0.33689 = 


(yXz) 


1/2 




OXy) 


1/2 


8 

+ y + z + 
8 


1/2 




x 1/2 


i^x+y + z + wj 


(3) 


(4) 


Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields 


*=1.371 y = 0.1646 z = 2.85 w = 0.928 

Therefore, the equilibrium composition becomes 

1.371H 2 0 + 0.165H 2 + 2.850 2 + 0.928OH 
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16-86 


16-99 A mixture of C0 2 and 0 2 is heated to a high temperature. The equilibrium composition is to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, 0 2 , and O. 2 The constituents of the mixture are ideal 
gases. 

Analysis The reaction equation during this process can be expressed as 

3C0 2 + 30 2 > xC0 2 + yCO + z0 2 + uO 

Mass balances for carbon and oxygen yield 
C balance: 3 = x + y (1) 

O balance: 12 = 2x+ y + 2z + w (2) 

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K P relations) to determine the equilibrium composition of the mixture. They are 

C0 2 <^>C0 + ^0 2 (reaction 1) 

0 2 20 (reaction 2) 

The equilibrium constant for these two reactions at 3400 K are determined from Table A-28 to be 



In K Pl =0.169 > K Pl =1.184 

\nK P2 =-1.935 > K P2 =0.1444 

The K P relations for these two simultaneous reactions are 


N° 2 


Kp\ ~ 


N 


CO 2 
CO, 


p 


\ 


total J 


( v, co + ’ / o 2 _v co 2 ) 


K P1 - 


K° 


K°: 


P 


\ v o~ v o 2 


V. N total J 


where 


N total - -^co 2 + ^o 2 + ^co+^o - -^ + y + Z + W 


Substituting, 


1.184 


(yXz) 


1/2 




\ 1/2 


l y x+ y + z + w J 


(3) 


2-1 


0.1444 = 


w 


z 


\ K x+ y + z + w ) 


(4) 


Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields 
jc = 1.313 37 = 1.687 z = 3.187 w= 1.314 

Thus the equilibrium composition is 


1.313C0 2 + 1.687CO + 3.1870 2 +1.3140 
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16-87 


16-100 



Problem 16-99 is reconsidered. The effect of pressure on the equilibrium composition by varying pressure 


from 1 atm to 10 atm is to be studied. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T=3400 [K] 

"P=2 [atm]" 

"The equilibrium constant for these two reactions at 2600 K are determined from Table A-28" 
K_p1=exp(0.169) 

K_p2=exp(-1 .935) 

"Analysis" 

"Actual reaction: 3 C02 + 3 02 = N_C02 C02 + N_CO CO + N_02 02 + N_0 O" 

3=N_C02+N_C0 "C balance" 

1 2=2*N_C02+N_C0+2*N_02+N_0 "O balance" 

N_total=N_C02+N_CO+N_02+N_0 

"Stoichiometric reaction 1 : C02 = CO + 1/2 02" 

"Stoichiometric coefficients for reaction 1" 

nu_C02_1=1 

nu_CO_1=1 

nu_02_1=1/2 

"Stoichiometric reaction 2: 02 = 2 O" 

"Stoichiometric coefficients for reaction 2" 

nu_02_2=1 

nu_0_2=2 

"K_p relations are" 

Kpl =(N_CO A nu_CO_1 *N_02 A nu_02_1 )/N_C02 A nu_C02_1 *(P/N _total) A (nu_CO_1 +nu_02_1 -nu_C02_1 ) 
K_p2=N_0 A nu_0_2/N_02 A nu_02_2*(P/NJotal) A (nu_0_2-nu_02_2) 


^atm 

[atm] 

b 

[kmolco] 

i 

1.968 

2 

1.687 

3 

1.52 

4 

1.404 

5 

1.315 

6 

1.244 

7 

1.186 

8 

1.136 

9 

1.093 

10 

1.055 
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16-88 


16-101 The h R at a specified temperature is to be determined using enthalpy and K p data. 

Assumptions Both the reactants and products are ideal gases. 

Analysis ( a ) The complete combustion equation of H 2 can be expressed as 
H 2 +i0 2 «H,0 

The h R of the combustion process of H 2 at 2400 K is the amount of energy released as one kmol of H 2 is burned in a steady- 
flow combustion chamber at a temperature of 2400 K, and can be determined from 

h R = +h-h°) p -'£ J N R (h} +h-h°) R 

Assuming the H 2 0, H 2 , and 0 2 to be ideal gases, we have h = h (7). From the tables, 


Substance 

hi 

kj/kmol 

^298K 

kj/kmol 

^2400K 

kj/kmol 

h 2 o 

-241,820 

9904 

103,508 

h 2 

0 

8468 

75,383 

o 2 

0 

8682 

83,174 


Substituting, 

h R = l(-24 1,820 +103,508 -9904) 
-1(0 + 75,383-8468) 
-0.5(0 + 83,174-8682) 

= -252,377 kj/ kmol 


( b ) The h R value at 2400 K can be estimated by using K P values at 2200 K and 2600 K (the closest two temperatures to 
2400 K for which K P data are available) from Table A-28, 


In 


K 


P 2 


h 


f 


R 


K 


p l 


R 


1 1 


u 


7, T 


or \nK P1 - In K Pl = 


h 


R 


2 J 


R 


1 1 


u 


7 T 


2 J 


4.648-6.768 = 


h 


R 


8.314kJ/kmol-K 


1 


1 


2200 K 2600 K 


h R = -252,047 kj/kmol 
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16-89 


16-102 



Problem 16-101 is reconsidered. The effect of temperature on the enthalpy of reaction using both methods by 


varying the temperature from 2000 to 3000 K is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

Tj>rod=2400 [K] 

DELTAT_prod =25 [K] 

R_u=8.314 [kJ/kmol-K] 

T_prod_1 = T_prod - DELTAT prod 
T_prod_2 = T_prod + DELTATprod 

"The combustion equation is 1 H2 + 0.5 02 =>1 H20" 

"The enthalpy of reaction H_bar_R using enthalpy data is:" 
h_bar_R Enthalpy = HP - HR 
HP = 1*Enthalpy(H20,T=T_prod ) 

HR = 1*Enthalpy(H2,T=T_prod ) + 0.5*Enthalpy(O2 ,T=T_prod ) 

"The enthalpy of reaction H_bar_R using enthalpy data is found using the following equilibruim data:" "The 
following equations provide the specific Gibbs function (g=h-Ts) for 
each component as a function of its temperature at 1 atm pressure, 101.3 kPa" 
g_H20_1=Enthalpy(H20,T=T_prod_1 )-T_prod_1 *Entropy(H20,T=T_prod_1 ,P=101.3) 
g_H2_1=Enthalpy(H2,T=T_prod_1 )-T_prod_1 *Entropy(H2,T=Tj>rodJ ,P=101.3) 
gJD2_1=Enthalpy(02,T=T_prod_1 )-T_prodJ *Entropy(02,T=T_prod_1 ,P=101.3) 
g_H20_2=Enthalpy(H20,T=T_prod_2 )-T_prod_2 *Entropy(H20,T=T_prod_2 ,P=101.3) 
gJH2_2=Enthalpy(H2,T=Tj>rod_2 )-T_prod_2 *Entropy(H2,T=Tj)rod^2 ,P=101.3) 
g_02_2=Enthalpy(02,T =T_prod_2 )-T_prod_2 *Entropy(02,T=T_prod_2 ,P=101.3) 

"The standard-state (at 1 atm) Gibbs functions are" 

DELTAG_1 =1*g_H2O_1-0.5*g_O2_1-1*g_H2_1 
DELTAG 2 =1*g_H20 2-0.5*g 02_2-1*g_H2_2 
"The equilibrium constants are given by Eq. 15-14." 

K_p_1 = exp(-DELTAG_1/(R_u*T_prod_1)) "From EES data" 

K_P_2 = exp(-DELTAG_2/(R_u*T_prod_2)) "From EES data" 

"the entahlpy of reaction is estimated from the equilibrium constant K_p by using EQ 15-18 as:" 
ln(K_P_2/KJ 3 _1)=h_bar_R_Kp/R_u*(1/T_prod_1 - 1/T^.prod_2) 

PercentError = ABS((h_bar_R_enthalpy - h_bar_R_Kp)/h_bar_R_enthalpy)*Convert(, %) 



Percent 
Error [%] 

T prod 

[K] 

hREnthalpy 

[kJ/kmol] 

hRKp 

[kJ/kmol] 

0.0002739 

2000 

-251723 

-251722 

0.0002333 

2100 

-251920 

-251919 

0.000198 

2200 

-252096 

-252095 

0.0001673 

2300 

-252254 

-252254 

0.0001405 

2400 

-252398 

-252398 

0.0001173 

2500 

-252532 

-252531 

0.00009706 

2600 

-252657 

-252657 

0.00007957 

2700 

-252778 

-252777 

0.00006448 

2800 

-252897 

-252896 

0.00005154 

2900 

-253017 

-253017 

0.0000405 

3000 

-253142 

-253142 
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16-90 


16-103 The K P value of the dissociation process 0 2 <=> 20 at a specified temperature is to be determined using the h R data 
and K P value at a specified temperature. 

Assumptions Both the reactants and products are ideal gases. 

Analysis The h R and K P data are related to each other by 


In Kp2 „ h-R J_ J_ 


R.. T, T \ 


or \nK P1 -\nK m = — 

R.. 




The h R of the specified reaction at 2200 K is the amount of energy released as one kmol of 0 2 dissociates in a steady-fiow 
combustion chamber at a temperature of 2200 K, and can be determined from 

a* =2>pfo +h-h°) p -%JV R (h; +h-h°) R 

Assuming the 0 2 and O to be ideal gases, we have h = h (7). From the tables, 



hi 

^298 K 

^2 20 0K 

Substance 

kJ/kmol 

kJ/kmol 

kJ/kmol 

O 

249,190 

6852 

46,728 

0 2 

0 

8682 

75,484 


Substituting, 

h R = 2(249,190 + 46,728 - 6852) - 1(0 + 75,484 - 8682) = 5 1 1,330 kJ/kmol 

The K P value at 2400 K can be estimated from the equation above by using this h R value and the K P value at 2000 K which 
is In Kp\ = -14.622, 

, „ , 5 11,330 kJ/kmol ( 1 1 ^ 

\nK P1 - (-14.622) = 

8.3 14 kJ/kmol • K ^ 2000 K 2400 K 

In K P2 = -9.497 (Table A - 28 : In K P1 = -9.497) 

or 

K P2 =7.51x10 -5 
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16-104 A 2-L bottle is filled with carbonated drink that is fully charged (saturated) with C0 2 gas. The volume that the C0 2 
gas would occupy if it is released and stored in a container at room conditions is to be determined. 

Assumptions 1 The liquid drink can be treated as water. 2 Both the C0 2 gas and the water vapor are ideal gases. 3 The C0 2 
gas is weakly soluble in water and thus Henry’s law is applicable. 

Properties The saturation pressure of water at 17°C is 1.938 kPa (Table A-4). Henry’s constant for C0 2 dissolved in water 
at 17°C (290 K) is H = 1280 bar (Table 16-2). Molar masses of C0 2 and water are 44.01 and 18.015 kg/kmol, respectively 
(Table A-l). The gas constant of C0 2 is 0.1889 kPa.nrVkg.K. Also, 1 bar = 100 kPa. 

Analysis In the charging station, the C0 2 gas and water vapor mixture above the liquid will form a saturated mixture. 

Noting that the saturation pressure of water at 17°C is 1.938 kPa, the partial pressure of the C0 2 gas is 

^co 2 , gas side = P ~ P, apo r = ^ - ^sat ® t7»c = 600-1.938 = 598.06 kPa = 5.9806bar 


From Henry’s law, the mole fraction of C0 2 in the liquid drink is determined to be 


y C0 2 ,liquidside 


P, 


CO, ,gas side 


H 


5.9806 bar 
1280 bar 


0.00467 


Then the mole fraction of water in the drink becomes 

y water, liquid side = ^~ Tc 0 2 , liquid side = 1 ” 0.00467 = 0.99533 

The mass and mole fractions of a mixture are related to each other by 

m. N: M: M: 

w- = — — = — — = y. — 

1 m N M ' 1 M 

,n m iy m lvl m 1¥1 m 

where the apparent molar mass of the drink (liquid water - C0 2 mixture) is 

— Tliquid water -^water ^ Tc0 2 ^C0 2 

= 0.99533 x 18.015 + 0.00467 x 44.01 = 18.14 kg/kmol 
Then the mass fraction of dissolved C0 2 in liquid drink becomes 

M co 44 01 

^C0 2 , liquid side = ?C0 2 , liquid side ( 0 ) ■ = 0.00467 = 0.0113 

Therefore, the mass of dissolved C0 2 in a 2 L « 2 kg drink is 
™co 2 = w co 2 m m = 0-0! 13(2 kg) = 0.0226 kg 


Then the volume occupied by this C0 2 at the room conditions of 20°C and 100 kPa becomes 


cy _ mRT _ (0.0226 kg)(0. 1889 kPa • m 3 / kg • K)(293 K) Q ^ m 3 _ 12 5 L 


P 


100 kPa 


Discussion Note that the amount of dissolved C0 2 in a 2-L pressurized drink is large enough to fill 6 such bottles at room 
temperature and pressure. Also, we could simplify the calculations by assuming the molar mass of carbonated drink to be 
the same as that of water, and take it to be 18 kg/kmol because of the very low mole fraction of C0 2 in the drink. 
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16-105 “ 77711 The natural log of the equilibrium constant as a function of temperature between 298 to 3000 K for the 
equilibrium reaction CO + H20 = C02 + H2 is to be tabulated and compared to those given in Table A-28 

Analysis The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K p = c _AG * (r)/W “ 7 ' or In K p = -AG *(T)/ K U T 

where 


AG*(T) -v C02 g C02 (T) + v m g m (T) v co g co (T) Vh 2 oSh 2 o(F) 
and the Gibbs functions are defined as 

<?Co(^prod) “ (h -Tprod^CO 
^H2o(^prod) = (h “^prod^mO 
§ C02 ^prod) “ _ jf prod^)c02 

<?H2(^prod) “ (h “^prod^m 


The copy of entire EES solution with resulting parametric table is given next: 


{T_prod = 298 "[K]"} 

R_u=8.314"[kJ/kmol-K]" 

"The following equations provide the specific Gibbs function (g=h-Ts) for each component in the product gases 
as a function of its temperature, Tprod, at 1 atm pressure, 101 .3 kPa" 

"For T_prod:" 

g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod , P=1 01 .3) 
g_C02=Enthalpy(C02,T=T_prod )-T_prod *Entropy(C02,T=T_prod ,P=1 01 .3) 
g_H2=Enthalpy(H2,T=T_prod )-T_prod *Entropy(H2,T=T_prod ,P=101.3) 
g_H20=Enthalpy(H20,T=T_prod )-T_prod *Entropy(H20,T=T_prod ,P=101 .3) 

"The standard-state Gibbs function is" 

DELTAG =1 *g_C02+1 *g_H2-1 *g_CO-1 *g_H20 
"The equilibrium constant is given by:" 

K_p = exp(-DELTAG /(R_u*T_prod )) 
lnK_p=ln(k_p) 


Tnrod [K1 

In K n 

298 

11,58 

500 

4,939 

1000 

0,3725 

1200 

-0,3084 

1400 

-0,767 

1600 

-1,092 

1800 

-1,33 

2000 

-1,51 

2200 

-1,649 

2400 

-1,759 

2600 

-1,847 

2800 

-1,918 

3000 

-1,976 
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16-106 ■ Sfr ™ Ethyl alcohol C 2 H 5 OH (gas) is burned in a steady-flow adiabatic combustion chamber with 90 percent excess 
air. The adiabatic flame temperature of the products is to be determined and the adiabatic flame temperature as a function of 
the percent excess air is to be plotted. 

Analysis The complete combustion reaction in this case can be written as 


C 2 H 5 0H(gas) + (l + £x)a th [0 2 +3.76N 2 ] >2C0 2 +3H 2 0 + (£*)(a th )0 2 +/ N, 

where a lh is the stoichiometric coefficient for air. The oxygen balance gives 
1 + (1 + Ex)a th x2 = 2x2 + 3xl + (Ex)(a th ) x 2 

The reaction equation with products in equilibrium is 

C 2 H 5 OH (gas) + (\ + Ex)a lh [0 2 +3.76N 2 ] >aC0 2 +bC0+dH 2 0+e0 2 +/N 2 

The coefficients are determined from the mass balances 
Carbon balance: 2 = a + b 


Hydrogen balance: 6 = 2d > d = 3 

Oxygen balance: 1 + (1 + Ex)a th x2 = ax2 + b + d + ex2 

Nitrogen balance: (1 + Ex)a th x 3.76 = / 

Solving the above equations, we find the coefficients to be 

Ex = 0.9, a th = 3, a = 2, b = 0.00008644, d = 3, e = 2.7, /= 21.43 
Then, we write the balanced reaction equation as 

C 2 H 5 OH (gas) + 5.7 [o 2 +3.76N 2 ] »2C0 2 + 0.00008644 CO + 3 H 2 0 + 2.7 0 2 +21.43 N 2 

Total moles of products at equilibrium are 

N tot = 2 + 0.00008644 + 3 + 2.7 + 21.43 = 29. 13 
The assumed equilibrium reaction is 


C0 2 < > CO + 0.50 2 

The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K p = e AG * (7)/ "" 7 ' or ln Kp = _AC *(T)/R u T 

where 


AG (T) - V co gco(^prod) + v 02^02(^prod) V C02^C02 (^prod) 
and the Gibbs functions are defined as 
£ co (Tprod ) = (h- T pmd s ) co 

£02 (^prod) = (^ 7 _ ^prod^)o2 
£ C02 (-^prod ) = (h _ ^prod^)c02 
The equilibrium constant is also given by 


be 0 ' 5 

( P ] 

1+0.5-1 0 c 

(0.00008644)(2.7) 0 ' 5 

r i ^ 

a 

N 

V •* v tot / 

2 

I29.13J 


A steady flow energy balance gives 
H r =H p 


0.00001316 
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Hr ~hf ftjel@25°C + ^'^^02@25°C + 21.43/l N2 @ 2 5 0 C 

- (-235,3 10 kJ/kmol)+ 5.7(0) + 21.43(0) = -235,3 10 kJ/kmol 

H P =2/z c0 2@r prod + 0.00008644/i co @7 pod + 3/* H20 @7 prod + 2.7/i 02 @r prod + 21.43/z N2@7prod 

Solving the energy balance equation using EES, we obtain the adiabatic flame temperature to be 
T prod = 1569K 

The copy of entire EES solution including parametric studies is given next: 


"The product temperature isT_prod" 

"The reactant temperature is:" 

T_reac= 25+273.15 "[K]" 

"For adiabatic combustion of 1 kmol of fuel: " 

Q_out = 0 "[kJ]" 

PercentEx = 90 "Percent excess air" 

Ex = PercentEx/1 00 "EX = % Excess air/1 00" 

P_prod =101 .3"[kPa]" 

R_u=8.314 "[kJ/kmol-K]" 

"The complete combustion reaction equation for excess air is:" 

"C2H50H(gas)+ (1+Ex)*A_th (02 +3.76N2)=2 C02 + 3 H20 +Ex*A_th 02 + f N2" 
"Oxygen Balance for complete combustion:" 

1 + (1 +Ex)*A_th*2=2*2+3*1 + Ex*A_th*2 

"The reaction equation for excess air and products in equilibrium is:" 
"C2H50H(gas)+ (1+Ex)*A_th (02 +3.76N2)=a C02 + b CO+ d H20 + e 02 + f N2" 
"Carbon Balance:" 

2=a + b 

"Hydrogen Balance:" 

6=2*d " 

"Oxygen Balance:" 

1 + (1+Ex)*A_th*2=a*2+b + d + e*2 
"Nitrogen Balance:" 

(1+Ex)*A_th*3.76 = f 

N_tot =a +b + d + e + f "Total kilomoles of products at equilibrium" 

"The assumed equilibrium reaction is CO2=CO+0.5O2" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 
each component in the product gases as a function of its temperature, T_prod, 
at 1 atm pressure, 1 01 .3 kPa" 

g_C02=Enthalpy(C02,T=T_prod )-T_prod *Entropy(C02,T=T_prod ,P=1 01 .3) 
g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod , P=1 01.3) 
g_02=Enthalpy(02,T=T_prod )-T_prod *Entropy(02,T=T_prod ,P=101.3) 

"The standard-state Gibbs function is" 

DELTAG =1 *g_CO+0.5*g_O2-1 *g_C02 

"The equilibrium constant is given by Eq. 15-14." 

K_P = exp(-DELTAG /(R_u*T_prod )) 

P=P_prod /1 01 .3"atm" 

"The equilibrium constant is also given by Eq. 15-15." 

"K_ P = (P/N_tot) A (1 +0.5-1 )*(b A 1 *e A 0.5)/(a A 1 )" 

sqrt(P/N_tot )*b *sqrt(e )=K_P *a 
"The steady-flow energy balance is:" 
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HR = Q_out+H_P 

h_bar _f_C2H50Hgas=-23531 0 "[kj/kmol]" 

H_R=1 *(h_bar_f_C2H50Hgas ) 

+(1 +Ex)*A_th*ENTHALPY(02,T=T_reac)+(1 +Ex)*A_th‘3.76*ENTHALPY(N2,T=T_reac) "[kJ/kmol]" 
H_P=a*ENTHALPY(C02,T=T_prod)+b*ENTHALPY(CO,T=T_prod)+d*ENTHALPY(H20,T=T_prod) 
+e*ENTHALPY(02,T=T_prod)+f*ENTHALPY(N2,T=T_prod) "[kj/kmol]" 


PercentEx 

r%i 

a 

3th 

b 

d 

e 

f 

T prod 

[K1 

10 

1.921 

3 

0.07868 

3 

0.3393 

12.41 

2191 

20 

1.97 

3 

0.03043 

3 

0.6152 

13.54 

2093 

30 

1.988 

3 

0.01212 

3 

0.9061 

14.66 

1996 

40 

1.995 

3 

0.004983 

3 

1.202 

15.79 

1907 

50 

1.998 

3 

0.002111 

3 

1.501 

16.92 

1826 

60 

1.999 

3 

0.0009184 

3 

1.8 

18.05 

1752 

70 

2 

3 

0.0004093 

3 

2.1 

19.18 

1685 

80 

2 

3 

0.0001863 

3 

2.4 

20.3 

1625 

90 

2 

3 

0.00008644 

3 

2.7 

21.43 

1569 

100 

2 

3 

0.00004081 

3 

3 

22.56 

1518 



Pe rcentEx 
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16-107 It is to be shown that when the three phases of a pure substance are in equilibrium, the specific Gibbs function of 
each phase is the same. 

Analysis The total Gibbs function of the three phase mixture of a pure substance can be expressed as 

G = m s g s +m e g e +m g g g 

where the subscripts £, and g indicate solid, liquid and gaseous phases. Differentiating by holding the temperature and 
pressure (thus the Gibbs functions, g ) constant yields 

dG = g s dm s + g l dm t + g g dm 
From conservation of mass, 

dm s + dm ( > +dm g = 0 > dm s = —dm ( — dm g 

Substituting, 

dG = —g s (, dm? + dm g ) + g f dm f + g g dm g 
Rearranging, 

dG = (ge ~ 8 s )dm l + (g g - g s )dm g 

For equilibrium, dG = 0. Also dm, and dm g can be varied independently. Thus each term on the right hand side must be 
zero to satisfy the equilibrium criteria. It yields 

81 = 8 s and 8 g = 8 s 

Combining these two conditions gives the desired result, 

8t Ss 8 s 



16-108 It is to be shown that when the two phases of a two-component system are in equilibrium, the specific Gibbs 
function of each phase of each component is the same. 

Analysis The total Gibbs function of the two phase mixture can be expressed as 
G = (m a g a +m gl g gl ) + (m n g n +m g2 g g2 ) 

where the subscripts £ and g indicate liquid and gaseous phases. Differentiating 
by holding the temperature and pressure (thus the Gibbs functions) constant 
yields 

dG = g n dm n + g g idm gl + g l2 dm n + g g2 dm g2 

From conservation of mass, 

dm gl =—dm n and dm g2 = —dm f2 

Substituting, 

dG = ( g n -g gl )dm n + (g a - 8 g 2) dm n 

For equilibrium, dG = 0. Also dm t \ and dm a can be varied independently. Thus each term on the right hand side must be 
zero to satisfy the equilibrium criteria. Then we have 

8a = g g i and g f2 = g g2 

which is the desired result. 
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16-109 If the equilibrium constant for the reaction H 2 + Z 2 O 2 —> H 2 0 is K , the equilibrium constant for the reaction 2H 2 0 — » 
2H 2 + 0 2 at the same temperature is 

(a) UK (b) 1/(2 K) (c) 2 K (d) K 2 (e) UK 2 


Answer (e) l IK 2 


16-110 If the equilibrium constant for the reaction CO + V 2 O 2 — > C0 2 is K , the equilibrium constant for the reaction C0 2 + 
3N 2 — > CO + Z 2 O 2 + 3N 2 at the same temperature is 

(a) UK (b) M(K + 3) (c) AK (d) K (e) UK 2 


Answer (a) UK 


16-111 The equilibrium constant for the reaction H 2 + V 2 O 2 — > H 2 0 at 1 atm and 1500°C is given to be K. Of the reactions 
given below, all at 1500°C, the reaction that has a different equilibrium constant is 

(a) H 2 + V 2 O 2 —> H 2 0 at 5 atm, 

(b) 2H 2 + 0 2 — > 2H 2 0 at 1 atm, 

(c) H 2 + 0 2 — > H 2 0+ V 2 O 2 at 2 atm, 

(d) H 2 + Z 2 O 2 + 3N 2 -> H 2 0+ 3N 2 at 5 atm, 

(e) H 2 + Z 2 O 2 + 3N 2 -> H 2 0+ 3N 2 at 1 atm, 


Answer (b) 2H 2 + 0 2 — > 2H 2 0 at 1 atm, 


16-112 Of the reactions given below, the reaction whose equilibrium composition at a specified temperature is not affected 
by pressure is 

(a) H 2 + Z 2 O 2 -> H 2 0 

(b) CO + Z 2 O 2 -> C0 2 

(c) N 2 + 0 2 -> 2NO 

(d) N 2 -> 2N 

(e) all of the above. 


Answer (c) N 2 + 0 2 — » 2NO 
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16-113 Of the reactions given below, the reaction whose number of moles of products increases by the addition of inert 
gases into the reaction chamber at constant pressure and temperature is 

(a) H 2 + V 2 O 2 -> H 2 0 

(b) CO + V 2 O 2 -> C0 2 

(c) N 2 + 0 2 -> 2NO 

(d) N 2 -» 2N 

(e) none of the above. 


Answer (d) N 2 — » 2N 


16-114 Moist air is heated to a very high temperature. If the equilibrium composition consists of H 2 0, 0 2 , N 2 , OH, H 2 , and 
NO, the number of equilibrium constant relations needed to determine the equilibrium composition of the mixture is 

(a) 1 (b) 2 (c) 3 (d) 4 (e) 5 


Answer (c) 3 


16-115 Propane CsH 8 is burned with air, and the combustion products consist of C0 2 , CO, H 2 0, 0 2 , N 2 , OH, H 2 , and NO. 
The number of equilibrium constant relations needed to determine the equilibrium composition of the mixture is 

(a) 1 (b) 2 (c) 3 (d) 4 (e) 5 


Answer (d) 4 


16-116 Consider a gas mixture that consists of three components. The number of independent variables that need to be 
specified to fix the state of the mixture is 

(a) 1 (b) 2 (c) 3 (d) 4 (e) 5 


Answer (d) 4 
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16-117 The value of Henry’s constant for C0 2 gas dissolved in water at 290 K is 12.8 MPa. Consider water exposed to air at 
100 kPa that contains 3 percent C0 2 by volume. Under phase equilibrium conditions, the mole fraction of CO? gas dissolved 
in water at 290 K is 

(a) 2.3xl0’ 4 (b) 3.0xl0~ 4 (c)0.80xl0' 4 (d)2.2xl0' 4 (e)5.6xl0' 4 


Answer (a)2.3xl0' 4 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

H=1 2.8 "MPa" 

P=0.1 "MPa" 
y_C02_air=0.03 
P_C02_air=y_C02_air*P 
y_C02_liquid=P_C02_air/H 

"Some Wrong Solutions with Common Mistakes:" 

W1_yC02=P_C02_air*H "Multiplying by H instead of dividing by it" 

W2_yC02=P_C02_air "Taking partial pressure in air" 


16-118 The solubility of nitrogen gas in rubber at 25 °C is 0.00156 kmol/m bar. When phase equilibrium is established, the 
density of nitrogen in a rubber piece placed in a nitrogen gas chamber at 300 kPa is 

(a) 0.005 kg/m 3 (b) 0.018 kg/m 3 (c) 0.047 kg/m 3 (d) 0.13 kg/m 3 (e) 0.28 kg/m 3 


2 

Answer (d) 0.13 kg/m 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T=25 "C" 

S=0.001 56 "kmol/bar.m A 3" 

MM_N2=28 "kg/kmol" 

S_mass=S*MM_N2 "kg/bar.m A 3" 

P_N2=3 "bar" 
rho_solid=S_mass*P_N2 

"Some Wrong Solutions with Common Mistakes:" 

W1_density=S*P_N2 "Using solubility per kmol" 


16-119 ... 16-122 Design and Essay Problems 
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Stagnation Properties 


17-2 


17- 1C We are to discuss the temperature change from an airplane’s nose to far away from the aircraft. 

Analysis The temperature of the air rises as it approaches the nose because of the stagnation process. 

Discussion In the frame of reference moving with the aircraft, the air decelerates from high speed to zero at the nose 
(stagnation point), and this causes the air temperature to rise. 

17-2C We are to define dynamic temperature. 

Analysis Dynamic temperature is the temperature rise of a fluid during a stagnation process. 

Discussion When a gas decelerates from high speed to zero speed at a stagnation point, the temperature of the gas rises. 

17-3C We are to discuss the measurement of flowing air temperature with a probe - is there significant error? 

Analysis No, there is not significant error, because the velocities encountered in air-conditioning applications are 
very low, and thus the static and the stagnation temperatures are practically identical. 

Discussion If the air stream were supersonic, however, the error would indeed be significant. 


17-4 Air flows through a device. The stagnation temperature and pressure of air and its velocity are specified. The static 
pressure and temperature of air are to be determined. 

Assumptions 1 The stagnation process is isentropic. 2 Air is an ideal gas. 

Properties The properties of air at an anticipated average temperature of 600 K are c p = 1.051 kJ/kg-K and k = 1.376. 
Analysis The static temperature and pressure of air are determined from 

T = Tq- — = 673.2 (57 ° m/s) 2 f IkJ/1 ^ - ) = 5 18.6K,519K 

2 c p 2 x 1.051 kJ/kg • K (lOOO m 2 / s 2 J 

and 



k/(k-\) 


= (0.6 MPa) 


518.610 
673.2 K , 


1.376/(1.376-1) 


= 0.231MPa 


Discussion Note that the stagnation properties can be significantly different than thermodynamic properties. 
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17-5 Air at 320 K is flowing in a duct. The temperature that a stationary probe inserted into the duct will read is to be 
determined for different air velocities. 

Assumptions The stagnation process is isentropic. 

Properties The specific heat of air at room temperature is c p = 1.005 kJ/kg-K. 

Analysis The air which strikes the probe will be brought to a complete stop, and thus it will undergo a stagnation 
process. The thermometer will sense the temperature of this stagnated air, which is the stagnation temperature, Tq. It is 

v 2 

determined from T 0 =T-\ . The results for each case are calculated below: 

2c p 


(a) 


00 


T 0 = 320 K + 


T 0 = 320 K + 


(lm/s ) z 
2x1.005 kJ/kg-K 


(10 m/s y 


1 kJ/kg ' 

= 320. OK 

v 1000m 2 /s 2 ) 

Zt AIR 

— ► 320 K , 1 


2x1.005 kJ/kg-K 


U000m 2 /s 2 ; 


= 320. IK 


V 


(c) 


(d) 


T 0 = 320 K + 


T 0 = 320 K + 


(100 m/s)' 


2x1.005 kJ/kg-K 


(1000 m/s) 2 

2x1.005 kJ/kg-K^lOOOm 2 Is 2 ) 



= 325.0K 


= 817.5K 


Discussion Note that the stagnation temperature is nearly identical to the thermodynamic temperature at low velocities, 
but the difference between the two is significant at high velocities. 
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17-4 


17-6 The states of different substances and their velocities are specified. The stagnation temperature and stagnation 
pressures are to be determined. 

Assumptions 1 The stagnation process is isentropic. 2 Helium and nitrogen are ideal gases. 

Analysis (a) Helium can be treated as an ideal gas with c p = 5.1926 kJ/kg-K and k = 1.667. Then the stagnation 
temperature and pressure of helium are determined from 


T o = T + 


2c 


= 50°C + 


p 


(240 m/s) 2 
2x5.1926kJ/kg -°C 


lkJ/kg 
1000 m 2 /s 


55.5°C 


f 


Po=P 


Tr 


\ 


yT , 


k/(k- 1) 


= (0.25 MPa) 


328.7 K 
323.2 K 


1 . 667 /( 1 . 667 - 1 ) 


= 0.261MPa 


( b ) Nitrogen can be treated as an ideal gas with c p = 1.039 kJ/kg-K and k =1.400. Then the stagnation temperature and 
pressure of nitrogen are determined from 


V2 50°Ci (30Qm/s)2 f lkJ/k § " 

2 c p 2xl.039kJ/kg-°C (lOOOm 2 /s 2 y 


93.3°C 


P Q =P 


T, 


\ 


_ 0 _ 

T 


k/(k-\) 


= (0.15 MPa) 


366.5 K 
323.2 K 


1 . 4 /( 1 . 4 - 1 ) 


= 0.233MPa 


(c) Steam can be treated as an ideal gas with c p = 1.865 kJ/kg-K and k =1.329. Then the stagnation temperature and 
pressure of steam are determined from 


T 0 




350°C 


(480 m/sr 
2xl.865kJ/kg-°C 


lkJ/kg 
1000 m 2 /s 


= 411.8PC = 685K 


To = T 


f ^k/(k- 1) 

1 n 


\P J 


f 


= (0.1 MPa) 


685 K 


\ 


1 . 329 /( 1 . 329 - 1 ) 


= 0.147MPa 


Discussion 


623.2K 

/ 

Note that the stagnation properties can be significantly different than thermodynamic properties. 


17-7 The state of air and its velocity are specified. The stagnation temperature and stagnation pressure of air are to be 
determined. 

Assumptions 1 The stagnation process is isentropic. 2 Air is an ideal gas. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4. 

Analysis The stagnation temperature of air is determined from 


r 0 =r + 


v- 


2c 


= 238 K + 


(325 m/s)' 


p 


2x1.005 kJ/kg-K 


lkJ/kg 


\ 


1000 m 2 /s 2 ; 


= 290.5 = 291 K 


Other stagnation properties at the specified state are determined by considering an isentropic process between the specified 
state and the stagnation state, 


P 0 =P 


r ^k/(k- 1 ) 

1 n 


\P y 


f 


= (36 kPa) 


290.5 K 


1 . 4 /( 1 . 4 — 1 ) 


= 72.37 kPa = 72.4kPa 


238 K 

/ 

Discussion Note that the stagnation properties can be significantly different than thermodynamic properties. 
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17-5 


17-8E Steam flows through a device. The stagnation temperature and pressure of steam and its velocity are specified. The 
static pressure and temperature of the steam are to be determined. 

Assumptions 1 The stagnation process is isentropic. 2 Steam is an ideal gas. 

Properties Steam can be treated as an ideal gas with c p = 0.4455 Btu/lbmR and k =1.329. 

Analysis The static temperature and pressure of steam are determined from 


T = T< 


V 


2c 


= 700°F 


(900 ft/s) 


p 


2 x 0.4455 Btu/lbm-°F 


1 Btu/lbm 
25,037 i 2 /s 2 


= 663.71= 


P = P 


r T \ */(*-!> 


\ T oj 


= (120 psia) 


1123.7R 


1.329/(1.329-1) 


= 105.5psia 


Discussion 


1160 R , 

Note that the stagnation properties can be significantly different than thermodynamic properties. 


17-9 The inlet stagnation temperature and pressure and the exit stagnation pressure of air flowing through a compressor are 
specified. The power input to the compressor is to be determined. 


Assumptions 1 The compressor is isentropic. 2 Air is an ideal gas. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4. 

Analysis The exit stagnation temperature of air T 02 is determined from 


^02 “^01 


Pi 




02 


V p oiy 


(k-l)/k 


= (308.2 K) 


900 

100 


(1.4-1)/ 1.4 


= 577. 4K 


900 kPa 



AIR 

0.04 kg/s 


From the energy balance on the compressor, 

w m =m(h 20 -h (n ) 
or, 

W in = mc p (T 02 - T 01 ) = (0.04 kg/s)( 1.005 kJ/kg • K)(577.4 - 308.2)K = 1 0.8kW 
Discussion Note that the stagnation properties can be used conveniently in the energy equation. 


fi 


& 

100 kPa 
35°C 


W 
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17-6 


17-10 The inlet stagnation temperature and pressure and the exit stagnation pressure of products of combustion flowing 
through a gas turbine are specified. The power output of the turbine is to be determined. 

Assumptions 1 The expansion process is isentropic. 2 Products of combustion are ideal gases. 

Properties The properties of products of combustion are c p = 1.157 kJ/kg-K, R = 0.287 kJ/kg-K, and k = 1.33. 

Analysis The exit stagnation temperature 7 q 2 is determined to be 


^02 “^01 


P, 


\ 


02 


V P 01 J 


(k- 1)1 k 


= (963.2 K) 


0.1 

0.75 


\ 


(1.33-1)71.33 


= 584.2 K 


0.75 MPa 
690°C 


Also, 


c p =kc v =k(c p -R ) 


IcR 


1.33(0.287 kJ/kg-K) 

" 1.33-1 

= 1.157 kJ/kg-K 



From the energy balance on the turbine, 

_VV out = ( h 20 ~ h oO 

or, w out = c p (T 0l - T Q2 ) = (1. 157kJ/kg • K)(963.2 - 584.2)K = 438.5kJ/kg = 439kJ/kg 
Discussion Note that the stagnation properties can be used conveniently in the energy equation. 
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Speed of Sound and Mach Number 


17-7 


17-11C We are to define and discuss sound and how it is generated and how it travels. 

Analysis Sound is an infinitesimally small pressure wave. It is generated by a small disturbance in a medium. It 
travels by wave propagation. Sound waves cannot travel in a vacuum. 

Discussion Electromagnetic waves, like light and radio waves, can travel in a vacuum, but sound cannot. 


17-12C We are to discuss whether sound travels faster in warm or cool air. 

Analysis Sound travels faster in warm (higher temperature) air since c = JicRT . 

Discussion On the microscopic scale, we can imagine the air molecules moving around at higher speed in warmer air, 
leading to higher propagation of disturbances. 


17-13C We are to compare the speed of sound in air, helium, and argon. 

Analysis Sound travels fastest in helium, since c = J kRT and helium has the highest kR value. It is about 0.40 for 
air, 0.35 for argon, and 3.46 for helium. 

Discussion We are assuming, of course, that these gases behave as ideal gases - a good approximation at room 
temperature. 


17-14C We are to compare the speed of sound in air at two different pressures, but the same temperature. 

Analysis Air at specified conditions will behave like an ideal gas, and the speed of sound in an ideal gas depends on 
temperature only. Therefore, the speed of sound is the same in both mediums. 

Discussion If the temperature were different, however, the speed of sound would be different. 


17-15C We are to examine whether the Mach number remains constant in constant-velocity flow. 

Analysis In general, no, because the Mach number also depends on the speed of sound in gas, which depends on the 
temperature of the gas. The Mach number remains constant only if the temperature and the velocity are constant. 

Discussion It turns out that the speed of sound is not a strong function of pressure. In fact, it is not a function of pressure 
at all for an ideal gas. 
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17-8 

17-16C We are to state whether the propagation of sound waves is an isentropic process. 

Analysis Yes, the propagation of sound waves is nearly isentropic. Because the amplitude of an ordinary sound 
wave is very small, and it does not cause any significant change in temperature and pressure. 

Discussion No process is truly isentropic, but the increase of entropy due to sound propagation is negligibly small. 


17-17C We are to discuss sonic velocity - specifically, whether it is constant or it changes. 

Analysis The sonic speed in a medium depends on the properties of the medium, and it changes as the properties 
of the medium change. 

Discussion The most common example is the change in speed of sound due to temperature change. 


17-18 The Mach number of a passenger plane for specified limiting operating conditions is to be determined. 
Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.287 kJ/kg-K. Its specific heat ratio at room temperature is k = 1.4. 
Analysis From the speed of sound relation 


c = -v fkRT = (1 .4)(0.287 kJ/kg • K)(-60 + 273 K) 


A 1000m 2 /s 2 ^ 


= 293 m/s 


1 kJ/kg 

Thus, the Mach number corresponding to the maximum cruising speed of the plane is 

(945/3.6) m/s 


V 

Ma = -^ 
c 


293 m/s 


= 0.897 


Discussion Note that this is a subsonic flight since Ma < 1. Also, using a k value at -60°C would give practically the 
same result. 
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17-9 

17-19 Carbon dioxide flows through a nozzle. The inlet temperature and velocity and the exit temperature of C0 2 are 
specified. The Mach number is to be determined at the inlet and exit of the nozzle. 

Assumptions 1 C0 2 is an ideal gas with constant specific heats at room temperature. 2 This is a steady-flow process. 

Properties The gas constant of carbon dioxide is R = 0.1889 kJ/kg-K. Its constant pressure specific heat and specific 
heat ratio at room temperature are c p = 0.8439 kJ/kg-K and k = 1.288. 

Analysis ( a ) At the inlet 



The nozzle exit velocity is determined from the steady-flow energy balance relation, 


0 = h 2 - h x + 


V, 2 -V, 2 


o = c p (T 2 




0 = (0.8439 kJ/kg • K)(400 - 1200 K) + — (50m/s) f — lkJ/kg , > V 2 = 1 163 m/s 

2 V 1000m 2 Is 2 ) 


Thus, 


Ma .Vi.ll63mfc.3 73 
Co 312m/s 


Discussion The specific heats and their ratio k change with temperature, and the accuracy of the results can be improved 
by accounting for this variation. Using EES (or another property database): 

At 1200 K: c p = 1.278 kJ/kg-K, k = 1.173 -» c, = 516m/s, V, = 50 m/s, Ma* = 0.0969 

At 400 K: c p = 0.9383 kJ/kg-K, k= 1.252 -> c 2 = 308 m/s, V 2 = 1356 m/s, Ma 2 = 4.41 


Therefore, the constant specific heat assumption results in an error of 4 . 5 % at the inlet and 15 . 5 % at the exit in the Mach 
number, which are significant. 
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17-10 


17-20 Nitrogen flows through a heat exchanger. The inlet temperature, pressure, and velocity and the exit pressure and 
velocity are specified. The Mach number is to be determined at the inlet and exit of the heat exchanger. 

Assumptions 1 N 2 is an ideal gas. 2 This is a steady-flow process. 3 The potential energy change is negligible. 

Properties The gas constant of N 2 is R = 0.2968 kJ/kg-K. Its constant pressure specific heat and specific heat ratio at 
room temperature are c p = 1.040 kJ/kg-K and k= 1.4. 

Analysis For the inlet, 


f 2 2 y 

c x = Jk x RT x = (1 .400X0.2968 kJ/kg • K)(283 K) 1QQQm /s .... = 342.9 m/s 
V l 1 kJ/kg 


Thus, 


Ma, = — = 


V x lOOm/s 


= 0.292 


cj 342.9 m/s 

From the energy balance on the heat exchanger, 


150 kPa 
10°C 
100 m/s 


120 kJ/kg 


Nitrogen 


100 kPa 
200 m/s 


9in=S( r 2- 7 i) + 


V 2 2 -Vf 


120 kJ/kg = (1 .040 kJ/kg.°C)(7' 2 - 10°C) + 


(200 m/s) 2 -(100m/s) 2 


1 kJ/kg 
1000 m 2 /s 2 


It yields 


T 2 = 1 1 1°C = 384 K 


c 2 =Jk 2 RT 2 = (1.4X0.2968 kJ/kg -KX384 K) =399 m/s 

~ v ‘ ' v l lkJ/k § 


1000 m 2 /s 2 


Thus, 


Ma 2 = 


V 2 200 m/s 

c 2 399 m/s 


= 0.501 


Discussion The specific heats and their ratio k change with temperature, and the accuracy of the results can be improved 
by accounting for this variation. Using EES (or another property database): 

At 10°C :c p = 1.038 kJ/kg-K, k = 1.400 -> d = 343 m/s, ^ = 100 m/s, Ma* = 0.292 

Atlll°C c p = 1.041 kJ/kg-K, k = 1.399 -> c 2 = 399 m/s, U 2 = 200 m/s, Ma 2 = 0.501 

Therefore, the constant specific heat assumption results in an error of 4 . 5 % at the inlet and 15 . 5 % at the exit in the Mach 
number, which are almost identical to the values obtained assuming constant specific heats. 
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17-11 


17-21 The speed of sound in refrigerant- 134a at a specified state is to be determined. 

Assumptions R-134a is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of R-134a is R = 0.08149 kJ/kg-K. Its specific heat ratio at room temperature is k- 1.108. 
Analysis From the ideal-gas speed of sound relation, 

J f 2 2 N 

(1.108X0.08149 kJ/kg- K)(60 + 273 K) 1000 m /s =173 m/s 

t 1 kJ/kg ) 

Discussion Note that the speed of sound is independent of pressure for ideal gases. 


17-22 The Mach number of an aircraft and the speed of sound in air are to be determined at two specified temperatures. 
Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.287 kJ/kg-K. Its specific heat ratio at room temperature is k= 1.4. 

Analysis From the definitions of the speed of sound and the Mach number, 

(a) At 300 K, 


c = 4kRT = , (1 .4X0.287 kJ/kg • K)(300 K) 


1000m 2 /s 2 
1 kJ/kg 


= 347 m/s 


, V 330 m/s .. .... 

and Ma = — = = 0.951 

c 347 m/s 

(b) At 800 K, 


c = JkRT = , (1.4X0.287 kJ/kg - KX800 K) 


1000m 2 /s 2 
1 kJ/kg 


= 567 m/s 


, _ _ V 330 m/s _ or . 

and Ma = — = = 0.582 

c 567 m/s 


Discussion Note that a constant Mach number does not necessarily indicate constant speed. The Mach number of a 
rocket, for example, will be increasing even when it ascends at constant speed. Also, the specific heat ratio k changes with 
temperature. 
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17-12 


17-23E Steam flows through a device at a specified state and velocity. The Mach number of steam is to be determined 
assuming ideal gas behavior. 

Assumptions Steam is an ideal gas with constant specific heats. 

Properties The gas constant of steam is R = 0.1 102 Btu/lbmR. Its specific heat ratio is given to be k = 1.3. 

Analysis From the ideal-gas speed of sound relation, 


^ ^ ^0^7 -fj- 2 / 

c = V^T = (1.3)(0.1102Btu/lbm-R)(1160 R) — 

\ 1 Btu/lbm 


= 2040 ft/s 


Thus, 


V _ 900 ft/s 
c ~ 2040 ft/s 


0.441 


Discussion Using property data from steam tables and not assuming ideal gas behavior, it can be shown that the Mach 
number in steam at the specified state is 0.446, which is sufficiently close to the ideal-gas value of 0.441. Therefore, the 
ideal gas approximation is a reasonable one in this case. 
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17-24E 



Problem 2-23E is reconsidered. The variation of Mach number with temperature as the temperature 


changes between 350° and 700°F is to be investigated, and the results are to be plotted. 

Analysis The EES Equations window is printed below, along with the tabulated and plotted results. 


T =T emperature+460 
R=0.1 102 
V=900 
k=1.3 

c=SQRT (k*R*T*25037) 
Ma=V/c 


Temperature, 
T, T 

Mach number 
Ma 

350 

0.528 

375 

0.520 

400 

0.512 

425 

0.505 

450 

0.498 

475 

0.491 

500 

0.485 

525 

0.479 

550 

0.473 

575 

0.467 

600 

0.462 

625 

0.456 

650 

0.451 

675 

0.446 

700 

0.441 



Discussion Note that for a specified flow speed, the Mach number decreases with increasing temperature, as expected. 


17-25E The inlet state and the exit pressure of air are given for an isentropic expansion process. The ratio of the initial to 
the final speed of sound is to be determined. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The properties of air are R = 0.06855 Btu/lbmR and k = 1.4. The specific heat ratio k varies with 
temperature, but in our case this change is very small and can be disregarded. 

Analysis The final temperature of air is determined from the isentropic relation of ideal gases, 


T 2 = 7', 


r p \(k-i)/k 




= (659.7 R) 


r 60 n C 1 - 4 i) / 1 - 4 


170 


= 489.9 R 


Treating k as a constant, the ratio of the initial to the final speed of sound can be expressed as 

n c 2 Vw 4659J „ „ c 

q ^ k 2 RT 2 7^2 a/489.9 

Discussion Note that the speed of sound is proportional to the square root of thermodynamic temperature. 
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17-26 The inlet state and the exit pressure of air are given for an isentropic expansion process. The ratio of the initial to the 
final speed of sound is to be determined. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The properties of air are R = 0.287 kJ/kg-K and k = 1.4. The specific heat ratio k varies with temperature, 
but in our case this change is very small and can be disregarded. 


Analysis 


The final temperature of air is determined from the isentropic relation of ideal gases, 


T 2 = T \ 


P \ 






(k-l)/k 


f 


= (350.2 K) 


0.4 MPa 


(1.4-1)/ 1.4 


= 215.2 K 


2.2MPa 

Treating k as a constant, the ratio of the initial to the final speed of sound can be expressed as 


Rati0 ,£i = ^ = 4 = ^ = 1 . 28 

q ^ k 2 RT 2 JT 2 a/215.2 


Discussion Note that the speed of sound is proportional to the square root of thermodynamic temperature. 


17-27 The inlet state and the exit pressure of helium are given for an isentropic expansion process. The ratio of the initial to 
the final speed of sound is to be determined. 

Assumptions Helium is an ideal gas with constant specific heats at room temperature. 

Properties The properties of helium are R = 2.0769 kJ/kg-K and k = 1.667. 

Analysis The final temperature of helium is determined from the isentropic relation of ideal gases, 

(1 .667—1) / 1 .667 


T 2 = T l 


\ P \ J 


= (350.2 K) 


04 

2.2 


= 177.0 K 


The ratio of the initial to the final speed of sound can be expressed as 

Rati0 .£, = ^^^ = 1 .41 

q yjk 2 RT 2 Jt 2 V177.0 


Discussion Note that the speed of sound is proportional to the square root of thermodynamic temperature. 
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17-28 The expression for the speed of sound for an ideal gas is to be obtained using the isentropic process equation and the 
definition of the speed of sound. 

Analysis The isentropic relation Pv k = A where A is a constant can also be expressed as 

( 1 \ k 

P = A — = Ap k 

\vj 

Substituting it into the relation for the speed of sound, 

C 2 ={— \ =1 d{Ap) = kAp k ~ l = k(Ap k )l p = k(P / p) = kRT 

\ 8 P)s \ d P J, 

since for an ideal gas P = pRT or RT = PI p. Therefore, c = V kRT , which is the desired relation. 

Discussion Notice that pressure has dropped out; the speed of sound in an ideal gas is not a function of pressure. 

One Dimensional Isentropic Flow 

17-29C We are to determine if it is possible to accelerate a gas to supersonic velocity in a converging nozzle. 

Analysis No, it is not possible. 

Discussion The only way to do it is to have first a converging nozzle, and then a diverging nozzle. 

17-30C We are to discuss what happens to several variables when a subsonic gas enters a diverging duct. 

Analysis (a) The velocity decreases, (b), (c), (d) The temperature, pressure, and density of the fluid increase. 
Discussion The velocity decrease is opposite to what happens in supersonic flow. 

17-3 1C We are to discuss the pressure at the throats of two different converging -diverging nozzles. 

Analysis The pressures at the two throats are identical. 

Discussion Since the gas has the same stagnation conditions, it also has the same sonic conditions at the throat. 

17-32C We are to discuss what happens to several variables when a supersonic gas enters a converging duct. 

Analysis (a) The velocity decreases, (/?), (c), (< d) The temperature, pressure, and density of the fluid increase. 
Discussion The velocity decrease is opposite to what happens in subsonic flow. 
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17-16 

17-33C We are to discuss what happens to several variables when a supersonic gas enters a diverging duct. 

Analysis ( a ) The velocity increases, (b), (c), (d) The temperature, pressure, and density of the fluid decrease. 

Discussion The velocity increase is opposite to what happens in subsonic flow. 


17-34C We are to discuss what happens to the exit velocity and mass flow rate through a converging nozzle at sonic exit 
conditions when the nozzle exit area is reduced. 

Analysis (a) The exit velocity remains constant at sonic speed, (b) the mass flow rate through the nozzle 
decreases because of the reduced flow area. 

Discussion Without a diverging portion of the nozzle, a converging nozzle is limited to sonic velocity at the exit. 

17-35C We are to discuss what happens to several variables when a subsonic gas enters a converging duct. 

Analysis (a) The velocity increases. (/?), (c), (d) The temperature, pressure, and density of the fluid decrease. 
Discussion The velocity increase is opposite to what happens in supersonic flow. 


17-36 Helium enters a converging-diverging nozzle at specified conditions. The lowest temperature and pressure that can be 
obtained at the throat of the nozzle are to be determined. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isen tropic. 

Properties The properties of helium are k = 1.667 and c p = 5.1926 kJ/kg-K. 

Analysis The lowest temperature and pressure that can be obtained at the throat are the critical temperature P* and 

critical pressure P*. First we determine the stagnation temperature P 0 and stagnation pressure P 0 , 


T 0 =T 


V 


2c 


= 800 K + 


(lOOm/s) 


p 


2x5.1926 kJ/kg-°C 


1 kJ/kg 


U000m 2 /s 2 ; 


= 801K 


P 0 =P 


f T X 

7 0 

\T j 


k/(k-\) 


= (0.7 MPa) 


801K 
800 K 


n 1.667/(1.667-1) 


= 0.702 MPa 


Thus, 


f o X 


T* = T< 


vk + ly 


= (801 K) 


1.667 + 1 


601 K 


and 


P* = P 


z o x 


V^ + ly 


k/(k-\) 


= (0.702 MPa) 




1.667 + 1 


1.667/(1.667-1) 


= 0.342MPa 



Discussion These are the temperature and pressure that will occur at the throat when the flow past the throat is 
supersonic. 
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17-37 The speed of an airplane and the air temperature are give. It is to be determined if the speed of this airplane is 
subsonic or supersonic. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.287 kJ/kg-K. Its specific heat ratio at room temperature is k- 1.4. 

Analysis The temperature is -50 + 273.15 = 223.15 K. The speed of sound is 


c = y/kRT = J( 1.4X0.287 kJ/kg • K)(223.15 K) 


f i r\r\r\ .. _ 2 / _ 2 7 / 


1 000 m / s' 
1 kJ/kg 


V 


3.6 km/h 
1 m/s 


\ 


= 1077.97 km/h 


7 


and 



1050 km/h 
1077.97 km/h 


= 0.9741 km/h = 0.974 


The speed of the airplane is subsonic since the Mach number is less than 1 . 

Discussion Subsonic airplanes stay sufficiently far from the Mach number of 1 to avoid the instabilities associated with 
transonic flights. 
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7-38 The critical temperature, pressure, and density of air and helium are to be determined at specified conditions. 
Assumptions Air and Helium are ideal gases with constant specific heats at room temperature. 

Properties The properties of air at room temperature are R = 0.287 kJ/kg-K, k = 1.4, and c p = 1.005 kJ/kg-K. The 
properties of helium at room temperature are R = 2.0769 kJ/kg-K, k = 1.667, and c p = 5.1926 kJ/kg-K. 

Analysis ( a ) Before we calculate the critical temperature P*, pressure P*, and density p*, we need to determine the 

stagnation temperature P 0 , pressure P 0 , and density p 0 . 


r 0 =ioo°c+— = 100+ (250m/s) lkJ/ ^ g J = i 3 i.i°c 

2 c„ 2x1.005 kJ/kg-°cl v 1000m 2 /s 2 J 


P 0 =P 


k/(k- 1) 


= (200 kPa 


404. 3 K 
373. 2K 


1. 4/(1. 4-1) 


= 264.7 kPa 


Thus, 


P 0 264.7 kPa ^ 0il # 

p 0 = = t = 2.281 kg/m' 

PP 0 (0.287 kPa - m 3 /kg • K)(404.3 K) 


p* = p 0 — = (404.3 K) 

k + 1 j 


1.4 + 1 


= 337K 


P* = Pn 


k + 1 


k/(k- 1) 


= (264.7 kPa) 


1.4+1 


1.47(1.4-1) 


=140kPa 




k + \ 


, \ 1/(1 .4-1) 

= (2.281 kg/m 3 ) 1 =1.45 kg/m 3 

1.4+1 ) 


(b) For helium, Tn. = T - 1 = 40 + 


(300 m/s) 


2x5.1926 kJ/kg-°C U000m z /s 


lkJ/kg 


2 / „ 2 


= 48.7°C 


P 0 =P 


^ \ ^/(A:-l) 667/(1.667-1) 


= (200 kPa 


313.2K 


= 214.2 kPa 


Thus, 


P 0 214.2 kPa # 

Po = = t = 0.320 kg/m' 

PT 0 (2.0769 kPa-m 3 /kg-K)(321. 9 K) 


P* = T ( 


k + 1 


= (321.9 K) 


1.667 + 1 


= 241 K 


P* = Pn 


k+1 


*/(*-!) 


= (200 kPa) 


1.667 + 1 


1.667/(1.667-1) 


= 97.4 kPa 


/ 2 \l/(^-l) / 2 y/o -667-1) 

P* = Po\- — 7 =(0.320 kg/m 3 ) =0.208 kg/m 3 

k + 1 / 1 . 667 + 1 


Discussion These are the temperature, pressure, and density values that will occur at the throat when the flow past the 
throat is supersonic. 
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17-39E Air flows through a duct at a specified state and Mach number. The velocity and the stagnation pressure, 
temperature, and density of the air are to be determined. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The properties of air are R = 0.06855 Btu/lbm-R = 0.3704 psia-ft 3 /lbm-R and k = 1.4. 

Analysis First, T = 320 + 459.67 = 779.67 K. The speed of sound in air at the specified conditions is 


Thus, 


Also, 


c — yJkRT 


'(1 .4)(0.06855 Btu/lbm • R)(779.67 R) 


"25,037 ft 2 /s 2 ^ 
v 1 Btu/lbm y 


= 1368.72 ft/s 


V = Ma x c = (0.7X1368.72 ft/s) = 958. 10 = 958 ft/s 


P 

RT 


25 psia 

(0.3704 psia • ft 3 /lbm • R)(779.67 R) 


= 0.086568 lbrn/ft 3 


Then the stagnation properties are determined from 


T =T 

1 Q 1 


P = P 
1 0 1 


Po=P 


1 + 


(£-l)Ma 


2 \ 


= (779.67 R) 


\ , (1.4-1)(0.7) 2 A 


V 


= 856.08 R = 856 R 


J 


£o_ 

kT j 


= (25 psia) 


r 


856.08 R 
779.67 R 


\ 1.4/(1.4-1) 


= (0.08656 lbm/ft 3 ) 


r 


856.08 R 
779.67 R 


= 34.678 psia = 34.7 psia 

x 1/(1. 4-1) 


= 0.10936 lbm/fr =0.109 lbm/ff 


Discussion Note that the temperature, pressure, and density of a gas increases during a stagnation process. 


17-40 Air enters a converging-diverging nozzle at specified conditions. The lowest pressure that can be obtained at the 
throat of the nozzle is to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 

Properties The specific heat ratio of air at room temperature is k = 1 .4. 

Analysis The lowest pressure that can be obtained at the throat is the critical pressure P*, which is determined from 


P* = R 


\ 


£ + 1 


k/(k-\) 


( 


\ 


= (1200 kP a) 


1.4+1 


1 .4/(1. 4-1) 


634kPa 


Discussion This is the pressure that occurs at the throat when the flow past the throat is supersonic. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 



17-20 


17-41 The Mach number of scramjet and the air temperature are given. The speed of the engine is to be determined. 
Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.287 kJ/kg-K. Its specific heat ratio at room temperature is k= 1.4. 

Analysis The temperature is -20 + 273.15 = 253.15 K. The speed of sound is 


c - yjkRT 


!(1 .4)(0.287 kJ/kg-K)(253.15 K) 


"l000m 2 /s 2 ^ 
v 1 kJ/kg , 


= 318.93 m/s 


and 


V = cMa = (318.93 m/s)(7) 


^3.6km/+ 
v 1 m/s , 


= 8037 km/h = 8040 km/h 


Discussion Note that extremely high speed can be achieved with scramjet engines. We cannot justify more than three 
significant digits in a problem like this. 


17-42E The Mach number of scramjet and the air temperature are given. The speed of the engine is to be determined. 
Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.06855 Btu/lbmR. Its specific heat ratio at room temperature is k = 1.4 . 

Analysis The temperature is 0 + 459.67 = 459.67 R. The speed of sound is 


c = y/kRT = J( 1.4)(0.06855 Btu/lbm-R)(459.67 R) 


25,037 ft 2 /s : 
1 Btu/lbm 


= 1050.95 ft/s 


and 


V = cMa = (1050.95 ft/s)(7) 


' 1 mi/h ^ 

v 1.46667 ft/s j 


= 5015.9 mi/h = 5020 mi/h 


Discussion Note that extremely high speed can be achieved with scramjet engines. We cannot justify more than three 
significant digits in a problem like this. 
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17-43 Air flows through a duct. The state of the air and its Mach number are specified. The velocity and the stagnation 
pressure, temperature, and density of the air are to be determined. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The properties of air at room temperature are R = 0.287 kPa.m / kg.K and k = 1.4. 

Analysis The speed of sound in air at the specified conditions is 


c = JkRT= (1.4)(0.287 kJ/kg-K)(373.2 K) — = 387.2m/s 

v " l 1 kJ/k § J 


1000m 2 /s 2 


Thus, 


Also, 


V = Ma xc = (0.8)(387.2 m/s) = 31 0 m/s 


P 200 kPa 

P RT (0.287 kPa- m 3 /kg • K)(373.2 K) 
Then the stagnation properties are determined from 


= 1.867 kg/m' 


T 0 =T\l+ ( *~ 1)Ma2 = (373.2 K)f 1 + = 421 K 

2 2 


AIR 


k/(k-l) 


421. OK 
373.2K 


1 . 4 /( 1 . 4 - 1 ) 


= 305 kPa 


1/( *- 1} (A^ I/O- 4-D 

= (1.867 kg/m 3 ) 4 =2.52 kg/m 3 

, 373. 2K j 


Discussion Note that both the pressure and temperature drop as the gas is accelerated as part of the internal energy of 
the gas is converted to kinetic energy. 
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17-44 



Problem 17-43 is reconsidered. The effect of Mach number on the velocity and stagnation properties as the 


Ma is varied from 0.1 to 2 are to be investigated, and the results are to be plotted. 

Analysis The EES Equations window is printed below, along with the tabulated and plotted results. 
P=200 

T=1 00+273.1 5 
R=0.287 
k=1.4 

c=SQRT (k*R*T*1 000) 

Ma=V/c 
rho=P/(R*T) 

"Stagnation properties" 

T0=T*(1 +(k-1 )*Ma A 2/2) 

P0=P*(T0/T) A (k/(k-1 )) 

rho0=rho*(T0/T) A (1/(k-1)) 



Mach num. 
Ma 

Velocity, 
V, m/s 

Stag. Temp, 
To, K 

Stag. Press, 
Po, kPa 

Stag. Density, 
Po, kg/m 3 

0.1 

38.7 

373.9 

201.4 

1.877 

0.2 

11 A 

376.1 

205.7 

1.905 

0.3 

116.2 

379.9 

212.9 

1.953 

0.4 

154.9 

385.1 

223.3 

2.021 

0.5 

193.6 

391.8 

237.2 

2.110 

0.6 

232.3 

400.0 

255.1 

2.222 

0.7 

271.0 

409.7 

277.4 

2.359 

0.8 

309.8 

420.9 

304.9 

2.524 

0.9 

348.5 

433.6 

338.3 

2.718 

1.0 

387.2 

447.8 

378.6 

2.946 

1.1 

425.9 

463.5 

427.0 

3.210 

1.2 

464.7 

480.6 

485.0 

3.516 

1.3 

503.4 

499.3 

554.1 

3.867 

1.4 

542.1 

519.4 

636.5 

4.269 

1.5 

580.8 

541.1 

734.2 

4.728 

1.6 

619.5 

564.2 

850.1 

5.250 

1.7 

658.3 

588.8 

987.2 

5.842 

1.8 

697.0 

615.0 

1149.2 

6.511 

1.9 

735.7 

642.6 

1340.1 

7.267 

2.0 

774.4 

671.7 

1564.9 

8.118 


Discussion Note that as Mach number increases, so does the flow velocity and stagnation temperature, pressure, and 
density. 
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17-45 An aircraft is designed to cruise at a given Mach number, elevation, and the atmospheric temperature. The stagnation 
temperature on the leading edge of the wing is to be determined. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The properties of air are R = 0.287 kPa.mVkg.K, c p = 1.005 kJ/kg-K, and k = 1.4 . 

Analysis The speed of sound in air at the specified conditions is 

J f 2 2 A 

(1.4X0.287 kJ/kg -KX236.1 5 K) 1000 m /s =308.0m/s 

t 1 kJ/kg ) 

Thus, 

V =Maxc = (l. 1)(308.0 m/s) = 338. 8 m/s 

Then, 

T q =r + — = 236.15 + (338 - 8m/s)2 f lkJ/ kg )-293K 

2c p 2 x 1.005 kJ/kg -KU000m 2 /s 2 J 

Discussion Note that the temperature of a gas increases during a stagnation process as the kinetic energy is converted to 
enthalpy. 


17-46 Quiescent carbon dioxide at a given state is accelerated isentropically to a specified Mach number. The temperature 
and pressure of the carbon dioxide after acceleration are to be determined. 

Assumptions Carbon dioxide is an ideal gas with constant specific heats at room temperature. 

Properties The specific heat ratio of the carbon dioxide at room temperature is k = 1.288. 

Analysis The inlet temperature and pressure in this case is equivalent to the stagnation temperature and pressure since 
the inlet velocity of the carbon dioxide is said to be negligible. That is, T 0 = T x = 400 K and P 0 = P x = 1200 kPa. Then, 

r i \ ( ? ^ 

r = 77 =(600 K) = 570.43 K = 570 K 

2 + (* - l)Ma 2 J ^ 2+(l .288-l)(0.6) 2 J 

and 




( T Y /(M) 1 

570.43 K Y 

— = (1200 kPa) 

Jo ' 

v 600 K y 


1 . 288 /( 1 . 288 - 1 ) 


= 957.23 K = 957 kPa 


Discussion Note that both the pressure and temperature drop as the gas is accelerated as part of the internal energy of 
the gas is converted to kinetic energy. 
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Isentropic Flow Through Nozzles 
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17-47C We are to analyze if it is possible to accelerate a fluid to supersonic speeds with a velocity that is not sonic at the 
throat. 

Analysis No, if the flow in the throat is subsonic. If the velocity at the throat is subsonic, the diverging section 
would act like a diffuser and decelerate the flow. Yes, if the flow in the throat is already supersonic, the diverging section 
would accelerate the flow to even higher Mach number. 

Discussion In duct flow, the latter situation is not possible unless a second converging-diverging portion of the duct is 
located upstream, and there is sufficient pressure difference to choke the flow in the upstream throat. 


17-48C We are to discuss what would happen if we add a diverging section to supersonic flow in a duct. 
Analysis The fluid would accelerate even further, as desired. 

Discussion This is the opposite of what would happen in subsonic flow. 


17-49C We are to discuss the difference between Ma* and Ma. 

Analysis Ma* is the local velocity non-dimensionalized with respect to the sonic speed at the throat, whereas Ma 
is the local velocity non-dimensionalized with respect to the local sonic speed. 

Discussion The two are identical at the throat when the flow is choked. 


17-50C We are to consider subsonic flow through a converging nozzle with critical pressure at the exit, and analyze the 
effect of lowering back pressure below the critical pressure. 

Analysis (a) No effect on velocity, (b) No effect on pressure, (c) No effect on mass flow rate. 

Discussion In this situation, the flow is already choked initially, so further lowering of the back pressure does not 

change anything upstream of the nozzle exit plane. 


17-51C We are to compare the mass flow rates through two identical converging nozzles, but with one having a diverging 
section. 

Analysis If the back pressure is low enough so that sonic conditions exist at the throats, the mass flow rates in 
the two nozzles would be identical. However, if the flow is not sonic at the throat, the mass flow rate through the 
nozzle with the diverging section would be greater, because it acts like a subsonic diffuser. 

Discussion Once the flow is choked at the throat, whatever happens downstream is irrelevant to the flow upstream of 
the throat. 
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17-52C We are to discuss the hypothetical situation of hypersonic flow at the outlet of a converging nozzle. 

Analysis Maximum flow rate through a converging nozzle is achieved when Ma = 1 at the exit of a nozzle. For all 
other Ma values the mass flow rate decreases. Therefore, the mass flow rate would decrease if hypersonic velocities 
were achieved at the throat of a converging nozzle. 

Discussion Note that this is not possible unless the flow upstream of the converging nozzle is already hypersonic. 


17-53C We are to consider subsonic flow through a converging nozzle, and analyze the effect of setting back pressure to 
critical pressure for a converging nozzle. 

Analysis (a) The exit velocity reaches the sonic speed, (b) the exit pressure equals the critical pressure, and (c) 
the mass flow rate reaches the maximum value. 

Discussion In such a case, we say that the flow is choked. 


17-54C We are to discuss what happens to several variables in the diverging section of a subsonic converging -diverging 
nozzle. 

Analysis (a) The velocity decreases, (b) the pressure increases, and (c) the mass flow rate remains the same. 

Discussion Qualitatively, this is the same as what we are used to (in previous chapters) for incompressible flow. 


17-55C We 

Analysis 

Discussion 


are to discuss what would happen if we add a diverging section to supersonic flow in a duct. 
The fluid would accelerate even further instead of decelerating. 

This is the opposite of what would happen in subsonic flow. 
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17-56 Nitrogen enters a converging-diverging nozzle at a given pressure. The critical velocity, pressure, temperature, and 
density in the nozzle are to be determined. 

Assumptions 1 Nitrogen is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic. 

Properties The properties of nitrogen are k = 1.4 and R = 0.2968 kJ/kg-K. 

Analysis The stagnation pressure in this case are identical to the inlet properties since the inlet velocity is negligible. 
They remain constant throughout the nozzle, 

P 0 =Pi = 700 kPa 

T 0 = T { = 400 K 


P o = 


700 kPa 

(0.2968 kPa - m 3 /kg • K)(400 K) 


= 5.896 kg/m' 


Critical properties are those at a location where the Mach number is Ma = 1 . 
From Table A-32 at Ma =1, we read T/T 0 =0.8333, P/Pq = 0.5283, and p/po = 
0.6339. Then the critical properties become 

P* = 0.8333 r () = 0.8333(400 K) = 333 K 



P* = 0.5283P 0 = 0.5283(700 kPa) = 370 MPa 
p* = 0.6339/70 = 0.6339(5.896 kg/m 3 ) = 3.74 kg/m 3 


Also, 


F* = c* = yjkRT * = J(1.4)(0.2968 kJ/kg • KX333 K) 


1000 m 2 /s 2 
1 kJ/kg 


= 372 m/s 


Discussion We can also solve this problem using the relations for compressible isentropic flow. The results would be 
identical. 


17-57 For an ideal gas, an expression is to be obtained for the ratio of the speed of sound where Ma = 1 to the speed of 
sound based on the stagnation temperature, c*/c 0 . 

Analysis For an ideal gas the speed of sound is expressed as c — V kRT . Thus, 



Discussion Note that a speed of sound changes the flow as the temperature changes. 
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17-58 Air enters a converging-diverging nozzle at a specified pressure. The back pressure that will result in a specified exit 
Mach number is to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, and 
isentropic. 

Properties The specific heat ratio of air is k = 1 .4. 

Analysis The stagnation pressure in this case is identical to 
the inlet pressure since the inlet velocity is negligible. It remains 
constant throughout the nozzle since the flow is isentropic, 

P 0 = Pi =1.2 MPa 

From Table A-32 at Ma e =1.8, we read P c /Pq = 0.1740. 

Thus, 

P = 0.1740P 0 = 0.1740(1.2 MPa) = 0.209 MPa = 209 kPa 



Discussion If we solve this problem using the relations for compressible isentropic flow, the results would be identical. 


17-59E Air enters a nozzle at specified temperature, pressure, and velocity. The exit pressure, exit temperature, and exit-to- 
inlet area ratio are to be determined for a Mach number of Ma = 1 at the exit. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 


Properties The properties of air are k = 1.4 and c p = 0.240 Btu/lbm- R (Table A-2Ea). 


Analysis The properties of the fluid at the location where Ma =1 are the critical properties, denoted by superscript *. 
We first determine the stagnation temperature and pressure, which remain constant throughout the nozzle since the flow is 
isentropic. 


7o=r + 


YL 

2c 


= 630R + 


p 


(450 ft/s) 2 
2 x 0.240 Btu/lbm- R 


lBtu/lbm 
25,037 ft 2 /s 2 


= 646.9 R 



Po-Pi 


r T \k/(k-i) 

1 0 


V T U 


= (30psia) 


^646.9K^ L4/(L4_1) 


V 


630K 


= 32.9psia 


J 


450 ft/s 



Ma = 1 


From Table A-32 (or from Eqs. 12-18 and 12-19) at Ma =1, we read T/T () =0.8333, P/Pq = 0.5283. Thus, 

T= 0.8333r 0 = 0.8333(646.9 R) = 539 R and P = 0.5283P 0 = 0.5283(32.9 psia) = 17.4 psia 
Also, 


c t = y/kRT i = 


(1.4)(0.06855 Btu/lbm - R)(630 R) 


^ 25, 037ft 2 /s 2 ^ 
1 Btu/lbm 


= 1230 ft/s 


450 ft/s 

Ma. = — = 

c ■ 1230 ft/s 


0.3657 


and 


From Table A-32 at this Mach number we read A /A* = 1.7426. Thus the ratio of the throat area to the nozzle inlet area is 


A* 


1 


= 0.574 


A f 1.7426 

Discussion If we solve this problem using the relations for compressible isentropic flow, the results would be identical. 
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17-60 For subsonic flow at the inlet, the variation of pressure, velocity, and Mach number along the length of the nozzle are 
to be sketched for an ideal gas under specified conditions. 


Assumptions 1 The gas is an ideal gas. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic. 3 The flow is choked at the throat. 

Analysis Using EES and C0 2 as the gas, we calculate and plot flow area 
A, velocity V , and Mach number Ma as the pressure drops from a stagnation 
value of 1400 kPa to 200 kPa. Note that the curve for A is related to the shape of 
the nozzle, with horizontal axis serving as the centerline. The EES equation 
window and the plot are shown below. 



Ma, < 1 



k=1 .289 

Cp=0.846 "kJ/kg.K" 

R=0.1889 "kJ/kg.K" 

P0=1400 "kPa" 

T0=473 "K" 
m=3 "kg/s" 
rho_0=P0/(R*T0) 
rho=P/(R*T) 

rho_norm=rho/rho_0 "Normalized density" 
T=T0*(P/P0) A ((k-1)/k) 

Tnorm=T/T0 "Normalized temperature" 

V=SQRT(2*Cp*(T0-T)*1 000) 

V_norm=V/500 

A=m/(rho*V)*500 

C=SQRT (k*R*T*1 000) 

Ma=V/C 



P, kPa 


Discussion We are assuming that the back pressure is sufficiently low that the flow is choked at the throat, and the flow 
downstream of the throat is supersonic without any shock waves. Mach number and velocity continue to rise right through 
the throat into the diverging portion of the nozzle, since the flow becomes supersonic. 
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17-61 We repeat the previous problem, but for supersonic flow at the inlet. The variation of pressure, velocity, and Mach 
number along the length of the nozzle are to be sketched for an ideal gas under specified conditions. 

Analysis Using EES and CO 2 as the gas, we calculate and plot flow area A, velocity 
V, and Mach number Ma as the pressure rises from 200 kPa at a very high velocity to the 
stagnation value of 1400 kPa. Note that the curve for A is related to the shape of the 
nozzle, with horizontal axis serving as the centerline. 


k=1 .289 

Cp=0.846 "kJ/kg.K" 

R=0.1 889 "kJ/kg.K" 

P0=1400 "kPa" 

T0=473 "K" 
m=3 "kg/s" 
rho_0=P0/(R*T0) 
rho=P/(R*T) 

rho_norm=rho/rho_0 "Normalized density" 
T=T0*(P/P0) A ((k-1)/k) 

Tnorm=T/T0 "Normalized temperature" 

V=SQRT(2*Cp*(T0-T)*1 000) 

V_norm=V/500 

A=m/(rho*V)*500 

C=SQRT (k*R*T*1 000) 

Ma=V/C 




Ma, > 1 — 

► 


rTTTT m ^ 



P, kPa 


Discussion Note that this problem is identical to the proceeding one, except the flow direction is reversed. In fact, when 
plotted like this, the plots are identical. 
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17-62 It is to be explained why the maximum flow rate per unit area for a given ideal gas depends only on P () / . Also 

for an ideal gas, a relation is to be obtained for the constant a in m max / A* = a (p o / ). 

Properties The properties of the ideal gas considered are R = 0.287 kPa.m/kg-K and k = 1.4. 

Analysis The maximum flow rate is given by 


™max =A*Pjk/RT 0 


k + 1 


(*+l)/2(*-l) 


or 


"W / = h) 1 po t~t 

U + U 


(A:+1)/2(A:— 1) 


For a given gas, k and R are fixed, and thus the mass flow rate depends on the parameter P 0 / . Thus, m irax / A* can be 

expressed as m irax / A* = a(p 0 / where 


<2 = 




\ (*+l)/2(*-l) 


ik + 1 


1 T4 

| (0.287 kJ/kg.K) 

( 1000 m 2 /s+ 

v 1 kJ/kg , 


^ 2 ^ 

1.4 + 1 


2 . 4 / 0.8 


= 0.0404 (m/s)VK 


Discussion Note that when sonic conditions exist at a throat of known cross-sectional area, the mass flow rate is fixed 
by the stagnation conditions. 


17-63 An ideal gas is flowing through a nozzle. The flow area at a location where Ma = 1.8 is specified. The flow area 
where Ma = 0.9 is to be determined. 

Assumptions Flow through the nozzle is steady, one-dimensional, and isentropic. 

Properties The specific heat ratio is given to be k = 1 .4. 

Analysis The flow is assumed to be isentropic, and thus the stagnation and critical properties remain constant 
throughout the nozzle. The flow area at a location where Ma 2 = 0.9 is determined using A /A* data from Table A-32 to be 

Ma, =1.8: — = 1.4390 >A*= = 36cm =25.02 cm 2 

A* 1.4390 1.4390 

Ma 2 =0.9: A=i.o 089 > A 0 =(1.0089)A* = (1.0089)(25.02cm 2 ) =25.2cm 2 

A * 

Discussion We can also solve this problem using the relations for compressible isentropic flow. The results would be 
identical. 
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17-64 An ideal gas is flowing through a nozzle. The flow area at a location where Ma = 1.8 is specified. The flow area 
where Ma = 0.9 is to be determined. 


Assumptions Flow through the nozzle is steady, one-dimensional, and isentropic. 

Analysis The flow is assumed to be isentropic, and thus the stagnation and critical properties remain constant 
throughout the nozzle. The flow area at a location where Ma 2 = 0.9 is determined using the A /A* relation, 


A 


1 


A* Ma 


k + l 


k - 1 


Ma 


(*+!)/ 2(k-l) 


For k= 1.33 and Ma! = 1.8: 


A, 


A* 

1.8 

[U-33 + 1 

A* = 

A 

36 cm 




J 


2.33/2x0.33 


= 1.4696 


2.570 1.4696 


= 24.50 cm 


For k- 1.33 and Ma 2 = 0.9: 


^2 

A* 


0.9 


1.33 + 1 


i + !^!o.9 2 


A 


7 


2.33/2x0.33 


1.0091 


and A 2 =(1.0091)A* = (1.0091)(24.50cm 2 ) = 24.7cm 2 

Discussion Note that the compressible flow functions in Table A-32 are prepared for k = 1.4, and thus they cannot be 
used to solve this problem. 
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17-65E Air enters a converging-diverging nozzle at a specified temperature and pressure with low velocity. The pressure, 
temperature, velocity, and mass flow rate are to be calculated in the specified test section. 

Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic. 

Properties The properties of air are k = 1.4 and R = 0.06855 Btu/lbmR = 0.3704 psiaft 3 /lbmR. 

Analysis The stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. 

They remain constant throughout the nozzle since the flow is isentropic. 

p 0 =p [= 150 psia and T 0 =T X = 100°F « 560 R 

Then, 



P e 19.1 psia 

RT e (0. 3704 psia. ft 3 / 1 bm • R)(3 1 1 R) 


= 0.166 lbm/ft 


The nozzle exit velocity can be determined from V e = Ma e c e , where c e is the speed of sound at the exit conditions, 


V e = Ma e c e =MsL ey jkRT e =(2) (l.4)(0.06855 Btu/lbm R)(311 R) — 


25,037 ft 2 /s 2 


Btu/lbm 


= 1729 ft/s = 1730 ft/s 


m = p e A e V e = (0. 166 lbm/ft 3 )(5 ft 2 )(1729 ft/s) = 1435 lbm/s = 1440 lbm/s 


Discussion Air must be very dry in this application because the exit temperature of air is extremely low, and any 
moisture in the air will turn to ice particles. 
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17-66 Air enters a nozzle at specified temperature, pressure, and velocity. The exit pressure, exit temperature, and exit-to- 
inlet area ratio are to be determined for a Mach number of Ma = 1 at the exit. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 


Properties The properties of air are k = 1.4 and c p = 1 .005 kJ/kg-K. 

Analysis The properties of the fluid at the location where Ma = 1 are the critical properties, denoted by superscript *. 

We first determine the stagnation temperature and pressure, which remain constant throughout the nozzle since the flow is 
isentropic. 


T 0 =T t + — — = 420 K + 


(110 m/s) 2 ( lkJ/kg 


2c 


P 


2x1.005 kJ/kg-K 


1000m 2 /s 2 ; 


= 426.02 


and 


P 0 =P 


^ki(k- 1 ) 




( 


= (0.5 MPa) 


426. 02 K 
420 K 


1. 4/(1. 4-1) 


= 0.52554 MPa 



From Table A-32 (or from Eqs. 12-18 and 12-19) at Ma = 1, we read T/T 0 = 0.8333, P/P 0 = 0.5283. Thus, 
T= 0.8333T 0 = 0.8333(426.02 K) = 355.00 K « 355 K 
and 

P = 0.5283P 0 = 0.5283(0.52554 MPa) = 0.27764 MPa * 0.278 MPa = 278 kPa 

Also, 


c, = yjkRT, = 4 (1.4X0.287 kJ/kg • K)(420 K) 


r 1 000 nr/s 2 '' 
1 kJ/kg 


= 410.799 m/s 


and 


Ma,- = — = U0m/S = 0.2678 
c.. 410.799 m/s 


V i 150 m/s na ^ r 

Ma, = — = = 0.365 1 

c 410.799 m/s 


From Table A-32 at this Mach number we read A, /A* = 2.3343. Thus the ratio of the throat area to the nozzle inlet area is 

— = — 1 — = 0.42839 = 0.428 
A 2.3343 

Discussion We can also solve this problem using the relations for compressible isentropic flow. The results would be 
identical. 
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17-67 Air enters a nozzle at specified temperature and pressure with low velocity. The exit pressure, exit temperature, and 
exit-to-inlet area ratio are to be determined for a Mach number of Ma = 1 at the exit. 

Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is 
steady, one-dimensional, and isentropic. 

Properties The specific heat ratio of air is k = 1 .4. 

Analysis The properties of the fluid at the location where Ma = 1 
are the critical properties, denoted by superscript *. The stagnation 
temperature and pressure in this case are identical to the inlet 
temperature and pressure since the inlet velocity is negligible. They 
remain constant throughout the nozzle since the flow is isentropic. 

T 0 = T x = 420 K and P 0 = P, = 0.5 MPa 

From Table A-32 (or from Eqs. 12-18 and 12-19) at Ma =1, we read T/Tq =0.8333, P/Pq = 0.5283. Thus, 

T= 0.8333T 0 = 0.8333(420 K) = 350 K and P = 0.5283 P Q = 0.5283(0.5 MPa) = 0.264 MPa 

The Mach number at the nozzle inlet is Ma = 0 since F, = 0. From Table A-32 at this Mach number we read A /A* = go. 

A* 1 

Thus the ratio of the throat area to the nozzle inlet area is = — = 0 . 

A- GO 

Discussion If we solve this problem using the relations for compressible isentropic flow, the results would be identical. 
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17-68 ***' Air enters a converging nozzle at a specified temperature and pressure with low velocity. The exit pressure, 

the exit velocity, and the mass flow rate versus the back pressure are to be calculated and plotted. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 


Properties The properties of air are k = 1.4,/? = 0.287 kJ/kg-K, and c p = 1 .005 kJ/kg-K. 

Analysis The stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. 

They remain constant throughout the nozzle since the flow is isentropic, 


P 0 =Pi = 900 kPa 
T 0 = T { = 400 K 


The critical pressure is determined to be 

/ o \k/(k— 1) 


P* = Pr 


k + 1 


= (900 kPa 


{. 


1 . 4 / 0.4 


U.4 + 1) 

Then the pressure at the exit plane (throat) will be 

P c = P b for P b > 475.5 kPa 


= 475.5 kPa 


p = p*= 475.5 kPa 


for 


P b < 475.5 kPa (choked flow) 


Thus the back pressure will not affect the flow when 100 < P b < 475.5 kPa. 
temperature, the velocity and the mass flow rate can be determined from 



For a specified exit pressure P c , the 


Temperature 


T e =T 0 


r p \(k-\)/k 


y p o j 


= (400 K) 




0 . 4 / 1.4 


900 


Velocity V = ^2c p {T 0 -T e ) = 2(1 .005 kJ/kg • K)(400 - T e ) 


A 1000 m 2 /s 2 ^ 
TkJ/kg 


Density 


Pe = 


P 


P 


RT e (0.287 kPa- m 1 / kg ■ K)T e 


Mass flow rate m = p t V e A e = p e V e ( 0.001 m“) 

The results of the calculations are tabulated as 

P b , kPa P e , kPa T e , K V e , m/s 


p e , kg/m 3 m kg/s 


900 

800 

700 

600 

500 

475.5 

400 

300 

200 

100 


900 

800 

700 

600 

500 

475.5 

475.5 

475.5 

475.5 

475.5 


400 

386.8 

372.3 

356.2 

338.2 

333.3 

333.3 

333.3 

333.3 

333.3 


0 

162.9 

236.0 

296.7 

352.4 

366.2 

366.2 

366.2 

366.2 

366.2 


7.840 

7.206 

6.551 

5.869 

5.151 

4.971 

4.971 

4.971 

4.971 

4.971 


0 

1.174 

1.546 

1.741 

1.815 

1.820 

1.820 

1.820 

1.820 

1.820 



m 


► Pi. 



► Pi 



Discussion We see from the plots that once the flow is choked at a back pressure of 475.5 kPa, the mass flow rate 
remains constant regardless of how low the back pressure gets. 
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17-69 



We are to reconsider the previous problem. Using EES (or other) software, we are to solve the problem for 


the inlet conditions of 0.8 MPa and 1200 K. 


Analysis Air at 800 kPa, 1200 K enters a converging nozzle with a negligible velocity. The throat area of the nozzle is 
10 cm2. Assuming isentropic flow, calculate and plot the exit pressure, the exit velocity, and the mass flow rate versus the 
back pressure P b for 0.8>= P b >=0.1 MPa. 

Procedure ExitPress(P_back,P 
If (P_back>=P_crit) then 
P_exit:=P_back 
Condition$:='unchoked' 
else 

P_exit:=P_crit 
Condition$:='choked' 

Endif 
End 

Gas$='Air' 

A_cm2=1 0 "Throat area, cm2" 

PJnlet =800"kPa" 

T_inlet= 1 200"K" 

"P_back =422.7" "kPa" 

A_exit = A_cm2*Convert(cm A 2,m A 2) 

C_p=specheat(Gas$,T=T_inlet) 

C_p-C_v=R 
k=C_p/C_v 

M=MOLARMASS(Gas$) 

R= 8.314/M 

"Since the inlet velocity is negligible, the stagnation temperature = TJnlet; 
and, since the nozzle is isentropic, the stagnation pressure = PJnlet." 

P_o=PJnlet "Stagnation pressure" 

T_o=TJnlet "Stagnation temperature" 

P_crit /P_o=(2/(k+1 )) A (k/(k-1 )) "Critical pressure from Eq. 1 6-22" 

Call ExitPress(P_back,P_crit : P_exit, Conditions) 

T_exit /T_o=(P_exit/P_o) A ((k-1 )/k) "Exit temperature for isentopic flow, K" 

V_exit A 2/2=C_p*(T_o-T_exit)*1 000 "Exit velocity, m/s" 

Rho_exit=P_exit/(R*T_exit) "Exit density, kg/m3" 

m_dot=Rho_exit*V_exit*A_exit "Nozzle mass flow rate, kg/s" 

"If you wish to redo the plots, hide the diagram window and remove the { } from 
the first 4 variables just under the procedure. Next set the desired range of 
back pressure in the parametric table. Finally, solve the table (F3). " 

The table of results and the corresponding plot are provided below. 


"Molar mass of Gas$" 
"Gas constant for Gas$" 


crit : P_exit, Conditions) 

"Unchoked Flow Condition" 
"Choked Flow Condition" 
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EES SOLUTION 
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A_cm2=1 0 

A_exit=0.001 

Condition$='choked' 

C_p=1 .208 

C_v=0.921 1 

Gas$='Air' 

k=1 .31 2 

M=28.97 

m_dot=0.9124 

P back=422.7 


P_crit=434.9 

P_exit=434.9 

P_inlet=800 

P_o=800 

R=0.287 

Rho_exit=1.459 

T_exit=1038 

T inlet=1 200 

T_o=1 200 
V exit=625.2 


Pback[kP3] 

P exit [kPa] 

Vexit [m/S] 

m [kg/s] 

Texi. K] 

Pexit 

[kg/m 3 ] 

100 

434.9 

625.2 

0.9124 

1038 

1.459 

200 

434.9 

625.2 

0.9124 

1038 

1.459 

300 

434.9 

625.2 

0.9124 

1038 

1.459 

400 

434.9 

625.2 

0.9124 

1038 

1.459 

422.7 

434.9 

625.2 

0.9124 

1038 

1.459 

500 

500 

553.5 

0.8984 

1073 

1.623 

600 

600 

437.7 

0.8164 

1121 

1.865 

700 

700 

300.9 

0.6313 

1163 

2.098 

800 

800 

0.001523 

0.000003538 

1200 

2.323 



Pback (kPa) 
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exit (m/s) Pexit (kPa) 
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Pback (kPa) 



Pback (kPa) 


Discussion We see from the plot that once the flow is choked at a back pressure of 422.7 kPa, the mass flow rate 
remains constant regardless of how low the back pressure gets. 
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Shock Waves and Expansion Waves 

17-70C We are to discuss the applicability of the isentropic flow relations across shocks and expansion waves. 

Analysis The isentropic relations of ideal gases are not applicable for flows across {a) normal shock waves and ( b ) 
oblique shock waves, but they are applicable for flows across (c) Prandtl-Meyer expansion waves. 

Discussion Flow across any kind of shock wave involves irreversible losses - hence, it cannot be isentropic. 


17-71 C We are to discuss the states on the Fanno and Rayleigh lines. 

Analysis The Fanno line represents the states that satisfy the conservation of mass and energy equations. The 
Rayleigh line represents the states that satisfy the conservation of mass and momentum equations. The intersections 
points of these lines represent the states that satisfy the conservation of mass, energy, and momentum equations. 

Discussion T-s diagrams are quite helpful in understanding these kinds of flows. 


17-72C We are to analyze a claim about oblique shock analysis. 

Analysis Yes, the claim is correct. Conversely, normal shocks can be thought of as special oblique shocks in which 
the shock angle is (5 = ;z/2, or 90°. 

Discussion The component of flow in the direction normal to the oblique shock acts exactly like a normal shock. We 
can think of the flow parallel to the oblique shock as “going along for the ride” - it does not affect anything. 


17-73C We are to discuss the effect of a normal shock wave on several properties. 

Analysis (a) velocity decreases, (b) static temperature increases, (c) stagnation temperature remains the same, 
(d) static pressure increases, and (e) stagnation pressure decreases. 

Discussion In addition, the Mach number goes from supersonic (Ma > 1) to subsonic (Ma < 1). 


17-74C We are to discuss the formation of oblique shocks and how they differ from normal shocks. 

Analysis Oblique shocks occur when a gas flowing at supersonic speeds strikes a flat or inclined surface. Normal 
shock waves are perpendicular to flow whereas inclined shock waves, as the name implies, are typically inclined relative to 
the flow direction. Also, normal shocks form a straight line whereas oblique shocks can be straight or curved, depending 
on the surface geometry. 

Discussion In addition, while a normal shock must go from supersonic (Ma > 1) to subsonic (Ma < 1), the Mach 
number downstream of an oblique shock can be either supersonic or subsonic. 
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17-75C We are to discuss whether the flow upstream and downstream of an oblique shock needs to be supersonic. 

Analysis Yes, the upstream flow has to be supersonic for an oblique shock to occur. No, the flow downstream of an 
oblique shock can be subsonic, sonic, and even supersonic. 

Discussion The latter is not true for normal shocks. For a normal shock, the flow must always go from supersonic (Ma > 
1) to subsonic (Ma < 1). 


17-76C We are to determine if Ma downstream of a normal shock can be supersonic. 


Analysis 


No, the second law of thermodynamics requires the flow after the shock to be subsonic. 


Discussion A normal shock wave always goes from supersonic to subsonic in the flow direction. 


17-77C We are to discuss shock detachment at the nose of a 2-D wedge-shaped body. 

Analysis When the wedge half-angle 8 is greater than the maximum deflection angle 0 max , the shock becomes 
curved and detaches from the nose of the wedge, forming what is called a detached oblique shock or a bow wave. The 
numerical value of the shock angle at the nose is /? = 90°. 

Discussion When e>is less than # max , the oblique shock is attached to the nose. 


17-78C We are to discuss the shock at the nose of a rounded body in supersonic flow. 

Analysis When supersonic flow impinges on a blunt body like the rounded nose of an aircraft, the wedge half-angle S 
at the nose is 90°, and an attached oblique shock cannot exist, regardless of Mach number. Therefore, a detached oblique 
shock must occur in front of all such blunt-nosed bodies, whether two-dimensional, axisymmetric, or fully three- 
dimensional. 

Discussion Since 8 = 90° at the nose, 8 is always greater than # max , regardless of Ma or the shape of the rest of the body. 


17-79C We are to discuss if a shock wave can develop in the converging section of a C-V nozzle. 

Analysis No, because the flow must be supersonic before a shock wave can occur. The flow in the converging section 
of a nozzle is always subsonic. 

Discussion A normal shock (if it is to occur) would occur in the supersonic (diverging) section of the nozzle. 
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17-80 Air flowing through a nozzle experiences a normal shock. Various properties are to be calculated before and after the 
shock. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, and 
isentropic before the shock occurs. 

Properties The properties of air at room temperature are k- 1 .4, P = 0.287 kJ/kg-K, and c p = 1 .005 kJ/kg-K. 

Analysis The stagnation temperature and pressure before the shock are 


V, 


7'oi=r 1 +-^ = 230 + 


(815 m/s)‘ 


2c 


p 


2(1.005 kJ/kg-K) 


lkJ/kg 


\ 


U000m 2 /s 2 ; 


= 560.5 K 


^ 01=^1 


x */(*-!) 

01 


Tn, ] ' ' ( 560.5 K N 1,4 /(L4 1} 




= (26 kPa) 


= 587.3kPa 


230 K , 

The velocity and the Mach number before the shock are determined from 



c 1 = jU<T, = 


K 


(1.4X0.287 kJ/kg • K)(230 K) 


/ 1000m 2 /s 2N 


1 kJ/kg 


= 304.0m/s 


and 


shock 

wave 


_ _ Vi 815m/s . „ . 

Ma, = — = = 2.681 

Cj 304.0m/s 

The fluid properties after the shock (denoted by subscript 2) are related to those before the shock through the functions 
listed in Table A-33. For Mai = 2.681 we read 


Ma ? =0.497? 


R 


02 


P 


= 9.7330, 


Pi 

Pi 


= 8.2208, and 


P 


= 2.3230 


Then the stagnation pressure P 02 , static pressure P 2 , and static temperature T 2 , are determined to be 
P 02 = 9.7330P, = (9.7330)(26 kPa) = 253.1 kPa 
P 2 = 8.2208Pj = (8.2208X26 kPa) = 213.7 kPa 
T 2 = 2.32307! = (2.3230)(230 K) = 534.3 K 

The air velocity after the shock can be determined from V 2 = Ma 2 c 2 , where c 2 is the speed of sound at the exit conditions 
after the shock, 


V 2 = Ma 2 c 2 = Ma 2y /kRT 2 = (0.4972) 


(1.4)(0.287 kJ/kg.K)(534.3K) 


^ 1000 m 2 /sM 


1 kJ/kg 


230.4m/s 


Discussion This problem could also be 
The results would be identical. 


solved using the relations for compressible 


flow and normal shock functions. 
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17-81 Air flowing through a nozzle experiences a normal shock. The entropy change of air across the normal shock wave is 
to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, and 
isentropic before the shock occurs. 

Properties The properties of air at room temperature are R = 0.287 kJ/kg-K and c p = 1 .005 kJ/kg-K. 

Analysis The entropy change across the shock is determined to be 

T P 

s 2 - s - = c „ In — - /? In — 

1 T x P x 

= (1.005 kJ/kg • K)ln(2.3230) - (0.287 kJ/kg • K)ln(8.2208) 

= 0.242kJ/kg K 

Discussion A shock wave is a highly dissipative process, and the entropy generation is large during shock waves. 


17-82 For an ideal gas flowing through a normal shock, a relation for V 2 /V\ in terms of k, Ma b and Ma 2 is to be developed. 
Analysis The conservation of mass relation across the shock is py x = p 2 V 2 and it can be expressed as 


V 2 _ A P, / R ! \ _ 

{ Pl ) 

( rr \ 

£ 1 

^i Pi F 2 / RT 2 

l p 2j 

UJ 


From Eqs. 12-35 and 12-38, 


y 2 _ 

f l+zl-Maf' 

d + Maf(^-l)/2' 

V! 

[1 + kMzj y 

v l + Ma2 0t-l)/2 y 


Discussion This is an important relation as it enables us to determine the velocity ratio across a normal shock when the 
Mach numbers before and after the shock are known. 
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17-83 Air enters a converging-diverging nozzle at a specified state. The required back pressure that produces a normal 
shock at the exit plane is to be determined for the specified nozzle geometry. 

Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic before the shock 
occurs. 3 The shock wave occurs at the exit plane. 

Analysis The inlet stagnation pressure in this case is identical to the inlet pressure since the inlet velocity is 
negligible. Since the flow before the shock to be isentropic, 

Poi = Pi = 2 MPa 

It is specified that A/A* =3.5. From Table A-32, Mach number and 
the pressure ratio which corresponds to this area ratio are the Maj 
=2.80 and P\/Pq\ = 0.0368. The pressure ratio across the shock for 
this Ma! value is, from Table A-33, P 2 IP\ = 8.98. Thus the back 
pressure, which is equal to the static pressure at the nozzle exit, 
must be 

p 2 =8.98 Pj = 8.98x0.0368P 0 i = 8.98x0.0368x(2 MPa) = 0.661 MPa 

Discussion We can also solve this problem using the relations for compressible flow and normal shock functions. The 
results would be identical. 


© 

v,*o 



17-84 Air enters a converging-diverging nozzle at a specified state. The required back pressure that produces a normal 
shock at the exit plane is to be determined for the specified nozzle geometry. 

Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is 
steady, one-dimensional, and isentropic before the shock occurs. 

Analysis The inlet stagnation pressure in this case is identical to 
the inlet pressure since the inlet velocity is negligible. Since the flow 
before the shock to be isentropic, 

P Ox— Pi — 2 MPa 

It is specified that A/A* = 2. From Table A-32, the Mach number and the pressure ratio which corresponds to this area ratio 
are the Mai =2.20 and P\/Poi = 0.0935. The pressure ratio across the shock for this M\ value is, from Table A-33, P 2 /P\ = 
5.48. Thus the back pressure, which is equal to the static pressure at the nozzle exit, must be 

P 2 =5.48Pj = 5.48x0.0935Poi = 5.48x0.0935x(2 MPa) = 1.02 MPa 

Discussion We can also solve this problem using the relations for compressible flow and normal shock functions. The 
results would be identical. 
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17-85E Air flowing through a nozzle experiences a normal shock. Effect of the shock wave on various properties is 

to be determined. Analysis is to be repeated for helium. 


Assumptions 1 Air and helium are ideal gases with constant specific heats. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic before the shock occurs. 


Properties The properties of air are k = 1.4 and R = 0.06855 Btu/lbm- R, and the properties of helium are k = 1.667 and 
R = 0.4961 Btu/lbmR. 


Analysis The air properties upstream the shock are 

Mai = 2.5, P\ = 10 psia, and T\ = 440.5 R 

Fluid properties after the shock (denoted by subscript 2) are 
related to those before the shock through the functions listed 
in Table A-33. For Ma, = 2.5, 

Ma, =0.51 a — = 8.5262, — = 7.125, and -^- = 2.1375 

Pi 7 , 



V 


shock 

^^wave 


UijjjjjjjjjJi 
AIR . ©I© 




-- 


Tr T*fJ Ma; = 2.5 


Then the stagnation pressure P 02 , static pressure P 2 , and static temperature T 2 , are determined to be 
P 02 = 8.5262 P, = (8.5262)(10 psia) = 85.3 psia 
P 2 = 7.125P, = (7.125)(10 psia) = 71 .3 psia 
T 2 = 2.1 3757, = (2.1375)(440.5 R) = 942 R 

The air velocity after the shock can be determined from V 2 = Ma 2 c 2 , where c 2 is the speed of sound at the exit conditions 
after the shock, 


V 2 =Ma 2 c 2 =Ma 2 JkRT 2 =(0.513) 




(1.4)(0.06855 Btu/lbm- R)(941.6 R) 


/ 25,037ft 1 2 /s 2 ^ 
1 Btu/lbm 


= 772 ft/s 


We now repeat the analysis for helium. This time we cannot use the tabulated values in Table A-33 since k is not 1.4. 
Therefore, we have to calculate the desired quantities using the analytical relations, 


Ma 2 = 


f ? \ 1/2 

Ma 2 + 2 /(k - 1) 
2Maf/t /(/t - 1) -1 


2.5 2 +2/(1.667-1) 
2x2.5 2 x 1.667/(1.667-1)-! 


\ 1/2 


0.553 


P 2 1 + kMa 2 
P { 1 + kMa 2 


1 + 1 .667x2.5 2 =?5632 
1 + 1.667x0. 553 2 


h 

Ti 


1 + Ma 2 (k — 1) / 2 _ 1 + 2. 5 2 (1.667-1)/ 2 
1 + Ma 2 (/:-!)/ 2 1 + 0.553 2 (1.667-1)/ 2 


Pq2 

Pi 


' 1 + ^Ma 2 ' 
J+7Ma 2 y 


+ (it-l)Ma; 



/(*-D 


f 1 + 1.667x 2.5 2 ^ 


1 + 1.667x0.553- 


(l + (1.667- 1 )x0.553 2 /2) 


1.667/0.667 


9.641 


Thus, P 02 = 11.546P, = (11.546)(10 psia) = 115 psia 
P 2 = 7.5632P, = (7.5632)(10 psia) = 75.6 psia 
T 2 = 2.7989 7, = (2.7989X440.5 R) = 1233 R 


V 2 = Ma 2 c 2 =Ma 22 ]kRT 2 =(0.553) 


1 


(1.667)(0.4961 Btu/lbm.RX1232.9R) 


A 25, 037ft 2 /s 2 ^ 
1 Btu/lbm 


= 2794 ft/s 


Discussion This problem could also be solved using the relations for compressible flow and normal shock functions. 
The results would be identical. 
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17-86E We are to reconsider Prob. 12-85E. Using EES (or other) software, we are to study the effects of both air 

and helium flowing steadily in a nozzle when there is a normal shock at a Mach number in the range 2 < Mx < 3.5. In 
addition to the required information, we are to calculate the entropy change of the air and helium across the normal shock, 
and tabulate the results in a parametric table. 


Analysis We use EES to calculate the entropy change of the air and helium across the normal shock. The results are 
given in the Parametric Table for 2 < M_x < 3.5. 

Procedure NormalShock(M_x,k:M_y,PyOPx, TyOTx,RhoyORhox, PoyOPox, PoyOPx) 

If M_x < 1 Then 

M_y = -1000;PyOPx=-1000;TyOTx=-1000;RhoyORhox=-1000 
PoyOPox=-1 000;PoyOPx=-1 000 

else 

M_y=sqrt( (M_x A 2+2/(k-1)) / (2*M_x A 2*k/(k-1)-1) ) 

PyOPx=(1 +k*M_x A 2)/(1 +k*M_y A 2) 

TyOTx=( 1+M_x A 2*(k-1)/2 )/(1+M_y A 2*(k-1)/2 ) 

RhoyORhox=PyOPx/TyOTx 

PoyOPox=M_x/M_y*( (1 +M_y A 2*(k-1 )/2 )/ (1 +M_x A 2*(k-1 )/2) ) A ((k+1 )/(2*(k-1 ))) 

PoyOPx=(1 +k*M_x A 2)*(1 +M_y A 2*(k-1 )/2) A (k/(k-1 ))/(1 +k*M_y A 2) 

Endif 

End 


Function ExitPress(P_back,P_crit) 

If P_back>=P_crit then ExitPress:=P_back "Unchoked Flow Condition" 

If P_back<P_crit then ExitPress:=P_crit "Choked Flow Condition" 

End 

Procedure GetProp(Gas$:Cp,k,R) "Cp and k data are from Text Table A.2E" 
M=MOLARMASS(Gas$) "Molar mass of Gas$" 

R= 1 545/M "Particular gas constant for Gas$, ft-lbf/lbm-R" 

"k = Ratio of Cp to Cv" 

"Cp = Specific heat at constant pressure" 

if Gas$='Air' then 

Cp=0.24"Btu/lbm-R"; k=1.4 

endif 

if Gas$='C02' then 

Cp=0.203"Btu/lbm_R"; k=1.289 

endif 

if Gas$='Helium' then 

Cp=1 .25"Btu/lbm-R"; k=1 .667 

endif 

End 

"Variable Definitions:" 

"M = flow Mach Number" 

"P_ratio = P/P_o for compressible, isentropic flow" 

"Tjatio = T/T_o for compressible, isentropic flow" 

"Rho_ratio= Rho/Rho_o for compressible, isentropic flow" 

"A_ratio=A/A* for compressible, isentropic flow" 

"Fluid properties before the shock are denoted with a subscript x" 

"Fluid properties after the shock are denoted with a subscript y" 

"M_y = Mach Number down stream of normal shock" 

"PyOverPx= P_y/P_x Pressue ratio across normal shock" 

"TyOverTx =T_y/T_x Temperature ratio across normal shock" 

"RhoyOverRhox=Rho_y/Rho_x Density ratio across normal shock" 

"PoyOverPox = P_oy/P_ox Stagantion pressure ratio across normal shock" 

"PoyOverPx = P_oy/P_x Stagnation pressure after normal shock ratioed to pressure before shock" 

"Input Data" 
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{P_x = 10 "psia"} "Values of P_x, T_x, and M_x are set in the Parametric Table" 

{T_x = 440.5 "R"} 

{M_x = 2.5} 

Gas$='Air' "This program has been written for the gases Air, C02, and Helium" 

Call GetProp(Gas$:Cp,k,R) 

Call NormalShock(M_x,k:M_y,PyOverPx, TyOverTx,RhoyOverRhox, PoyOverPox, PoyOverPx) 
P_oy_air=P_x*PoyOverPx "Stagnation pressure after the shock" 

P_y_air=P_x*PyOverPx "Pressure after the shock" 

T_y_air=T_x*TyOverTx "Temperature after the shock" 

M_y_air=M_y "Mach number after the shock" 

"The velocity after the shock can be found from the product of the Mach number and 
speed of sound after the shock." 

C_y_air = sqrt(k*R"ft-lbf/lbm_R"*T_y_air"R"*32.2 "lbm-ft/lbf-s A 2") 

V_y_ai r= M_y_ai r* C_y_ai r 

DELTAs_air=entropy(air,T=T_y_air, P=P_y_air) -entropy(air,T=T_x,P=P_x) 

Gas2$='Helium' "Gas2$ can be either Helium or C02" 

Call GetProp(Gas2$:Cp_2,k_2,R_2) 

Call NormalShock(M_x,k_2:M_y2,PyOverPx2, TyOverTx2,RhoyOverRhox2, PoyOverPox2, PoyOverPx2) 
P_oy_he=P_x*PoyOverPx2 "Stagnation pressure after the shock" 

P_y_he=P_x*PyOverPx2 "Pressure after the shock" 

T_y_he=T_x*TyOverTx2 "Temperature after the shock" 

M_y_he=M_y2 "Mach number after the shock" 

"The velocity after the shock can be found from the product of the Mach number and 
speed of sound after the shock." 

C_y_he = sqrt(k_2*R_2"ft-lbf/lbm_R"*T_y_he"R"*32.2 "lbm-ft/lbf-s A 2") 

V_y_h e = M_y_h e * C_y_h e 

DELTAs_he=entropy(helium,T=T_y_he, P=P_y_he) -entropy(helium,T=T_x,P=P_x) 

The parametric table and the corresponding plots are shown below. 


Vy,he 

[ft/s] 

V y ,air 

[ft/s] 

Ty,he 

[R] 

T y ,air 

[R] 

Tx 

[R] 

Py,he 

[psia] 

P 

r y,air 

[psia] 

Px 

[psia] 

Roy, he 

[psia] 

D 

■ oy,air 

[psia] 

My, he 

My, air 

M x 

As h e 

[Btu/lbm- 

R] 

ASair 

[Btu/lbm- 

R] 

2644 

771.9 

915.6 

743.3 

440.5 

47.5 

45 

10 

63.46 

56.4 

0.607 

0.5774 

2 

0.1345 

0.0228 

2707 

767.1 

1066 

837.6 

440.5 

60.79 

57.4 

10 

79.01 

70.02 

0.5759 

0.5406 

2.25 

0.2011 

0.0351 

2795 

771.9 

1233 

941.6 

440.5 

75.63 

71.25 

10 

96.41 

85.26 

0.553 

0.513 

2.5 

0.2728 

0.04899 

3022 

800.4 

1616 

1180 

440.5 

110 

103.3 

10 

136.7 

120.6 

0.5223 

0.4752 

3 

0.4223 

0.08 

3292 

845.4 

2066 

1460 

440.5 

150.6 

141.3 

10 

184.5 

162.4 

0.5032 

0.4512 

3.5 

0.5711 

0.1136 
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Mach Number After Shock vs M x 



Entropy Change Across Shock vs M x 



M x 


Temperature After Shock vs M x 



M x 
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Velocity After shock vs M x 



M x 



Pressure After Shock vs M x 



M x 


Discussion In all cases, regardless of the fluid or the Mach number, entropy increases across a shock wave. This is 
because a shock wave involves irreversibilities. 
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17-87 Air flowing through a converging-diverging nozzle experiences a normal shock at the exit. The effect of the shock 
wave on various properties is to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, and 
isentropic before the shock occurs. 3 The shock wave occurs at the exit plane. 

Properties The properties of air are k = 1 .4 and R = 0.287 kJ/kg-K. 

Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is 

negligible. Then, 


P oi -Pi = 1 MPa 
T 0l = Ti = 300 K 


Then, 


Ti=Toi 


2+ (k -l)Maf 


x / 

= (300 K)' 

v 


2 + (1.4 -1)2.4 


and 


r =+ 


y T o j 


kl(k-l) 


= (1 MPa) 


^ 139 . 4^ L4/0 ' 4 


v 300 j 


= 0.06840 MPa 


v 




Shock 

wave 


= 139.4 K i 


UiXLiXLiJ-ii 

AIR ^ Mm 2 


~ 0 i m iTT 




"N 


The fluid properties after the shock (denoted by subscript 2) are related to those before the shock through the functions 
listed in Table A-33. For Mai = 2.4 we read 


Ma ? =0.5231 = 0.523, 


p p 

02 =0.5401, 2 


P 


01 


p 


6.5533, and ^ = 2.0403 


Then the stagnation pressure P 02 , static pressure P 2 , and static temperature T 2 , are determined to be 
P 02 = 0.5401Poi = (0.5401)(1.0 MPa) = 0.540 MPa = 540 kPa 
P 2 = 6.5533 P x = (6.5533)(0.06840 MPa) = 0.448 MPa = 448 kPa 
T 2 = 2.0403T! = (2.0403)(139.4 K) = 284 K 

The air velocity after the shock can be determined from V 2 = Ma 2 c 2 , where c 2 is the speed of sound at the exit conditions 
after the shock, 


V 2 = Ma 2 c 2 = Ma 2 JkRT 2 = (0.5231) 


(1 .4X0.287 kJ/kg-K)(284 K) 


f 1000 m 2 /s 2 ^ 


lkJ/kg 


= 177 m/s 


Discussion We can also solve this problem using the relations for normal shock functions. The results would be 
identical. 
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17-88 



The entropy change of air across the shock for upstream Mach numbers between 0.5 and 1.5 is to be 


determined and plotted. 


Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic before the shock 
occurs. 


Properties The properties of air are k = 1 .4, R = 0.287 kJ/kg-K, and c p = 1 .005 kJ/kg-K. 

Analysis The entropy change across the shock is determined to be 


where 


*2 - *1 = c,, In 


^-R In 

7] 


a 

Pi 


Ma 2 


r ^ \i/ 2 

Maf+2/(Jfc-l) P 2 

^2Ma*fc/(Jfc-l)-lJ ' P\ 


1 + AMa? 

1 + ztMaJ ’ 


and 


T 2 _ 1 + Ma \ (k — 1) / 2 
T x 1 + Ma j (k - 1) / 2 


The results of the calculations can be tabulated as 



Maj 

Ma 2 

7vr, 

Pi/p i 

5-2 - S\ 

0.5 

2.6458 

0.1250 

0.4375 

-1.853 

0.6 

1.8778 

0.2533 

0.6287 

-1.247 

0.7 

1.5031 

0.4050 

0.7563 

-0.828 

0.8 

1.2731 

0.5800 

0.8519 

-0.501 

0.9 

1.1154 

0.7783 

0.9305 

-0.231 

1.0 

1.0000 

1.0000 

1.0000 

0.0 

1.1 

0.9118 

1.0649 

1.2450 

0.0003 

1.2 

0.8422 

1.1280 

1.5133 

0.0021 

1.3 

0.7860 

1.1909 

1.8050 

0.0061 

1.4 

0.7397 

1.2547 

2.1200 

0.0124 

1.5 

0.7011 

1.3202 

2.4583 

0.0210 


Discussion The total entropy change is negative for upstream Mach numbers Mai less than unity. Therefore, normal 
shocks cannot occur when Maj < 1. 
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17-89 Supersonic airflow approaches the nose of a two-dimensional wedge and 
undergoes a straight oblique shock. For a specified Mach number, the minimum 
shock angle and the maximum deflection angle are to be determined. 

Assumptions Air is an ideal gas with a constant specific heat ratio of k= 1.4 (so 
that Fig. 17-43 is applicable). 

Analysis For Ma = 5, we read from Fig. 12-41 

Minimum shock (or wave) angle: /? Illin =12° 

Maximum deflection (or turning) angle: # niax = 41 .5° 

Discussion Note that the minimum shock angle decreases and the maximum 
deflection angle increases with increasing Mach number Map 



17-90 Air flowing at a specified supersonic Mach number undergoes an expansion turn. The Mach number, pressure, and 
temperature downstream of the sudden expansion along a wall are to be determined. 

Assumptions 1 The flow is steady. 2 The boundary layer on the wedge is very thin. 3 Air is an ideal gas with constant 
specific heats. 

Properties The specific heat ratio of air is k = 1.4. 

Analysis On the basis of Assumption #2, we take the deflection angle as equal to the wedge half-angle, i.e., 6^8 = 

15°. Then the upstream and downstream Prandtl-Meyer functions are determined to be 


v(Ma) = 
Upstream : 
v(Ma, ) = 


k + l i 
— tan 
k - 1 


r 


^ _1 (Ma 2 -1) 


V 


k + 1 


-tan '^Ma 2 -1 j 


1.4 + 1 i 

tan 1 

1.4-1 


r 


v 


1.4-1 
1.4 + 1 


(3.6 2 -1) 


-tan _1 ( V3.6 2 -1 ) = 60.09 


Then the downstream Prandtl-Meyer function becomes 
v(Ma 2 ) = 0 + v(Ma x ) = 1 5° + 60.09° = 75 .09° 

Ma 2 is found from the Prandtl-Meyer relation, which is now implicit: 



Downstream : v(Ma 2 ) = 


1.4 + 1 1 

tan 

1.4-1 


r 


1-4 ^ 32 - 1 ) 


V 


1.4 + 1 


- tan 4 f ^Ma 2 2 -l ) = 75.09° 


Solution of this implicit equation gives Ma 2 = 4 . 81 . Then the downstream pressure and temperature are determined from the 
isentropic flow relations: 


P 2 = 


Pn/Pt 


0 


P = 


[1 + Ma 2 (k — 1) / 2] 


-*/(*" i) _ [1 + 4.81 2 (1.4 - l)/2] -L4/0 ' 4 

ii — 


P 1 /P 0 1 [1 + Ma 2 (k —1)/ 2y kl( - k ~ v> 1 [1 + 3.6 2 (1.4-l)/2] 14/04 


(32kPa) =6.65kPa 


T 2 /T 0 t [1 + Ma 2 (^ - 1) / 2] -1 T 

Ti/T 0 1 [1+Mafa-l)/2] 1 ' 


[1 + 4.8 1 2 (1.4-1)/ 2+ 
[1 + 3.6 2 (1 .4 — 1) / 2] 1 


(240K) = 153K 


Note that this is an expansion, and Mach number increases while pressure and temperature decrease, as expected. 

Discussion There are compressible flow calculators on the Internet that solve these implicit equations that arise in the 

analysis of compressible flow, along with both normal and oblique shock equations; e.g., see 

www.aoe.vt.edu/~devenpor/aoe3 1 14/calc.html . 
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17-91 Air flowing at a specified supersonic Mach number undergoes an expansion turn over a tilted wedge. The Mach 
number, pressure, and temperature downstream of the sudden expansion above the wedge are to be determined. 


Assumptions 1 The flow is steady. 2 The boundary layer on the 
wedge is very thin. 3 Air is an ideal gas with constant specific heats. 


Properties The specific heat ratio of air is k = 1.4. 

Analysis On the basis of Assumption #2, the deflection angle is 
determined to be 6 « 8 = 25° - 10° = 15°. Then the upstream and 
downstream Prandtl-Meyer functions are determined to be 


v(Ma) = 



tan 


-l 


k - 1 
k + 1 


(Ma 2 




Upstream : 



v(Maj) 


1.4 + 1 

tan 

1.4-1 


1.4 — 1 . 2 .N 

(2.4 2 -1) 


1.4 + 1 



36.75° 


Then the downstream Prandtl-Meyer function becomes 

v(Ma 2 ) = 0 + v(Ma , ) = 1 5° + 36.75° = 5 1 .75° 


Now Ma 2 is found from the Prandtl-Meyer relation, which is now implicit: 


Downstream : v(Ma 2 ) = 


1.4 + 1 _i 

tan 

1.4-1 


r 


1-4 1 (Ma 2 -1) 


V 


1.4 + 1 


-l 


-tan -1 JMa 2 -1 =51.75° 


It gives Ma 2 = 3 . 105 . Then the downstream pressure and temperature are determined from the isentropic flow relations 


Pi 


Pi/Pp 

Pi/Po 



[1 + Ma j (fc - 1) / 2] ~ k 

[1 + Ma f (A: — 1) / 2] ~ k /(i_1) ' 


[l + 3.105 2 (1.4-l)/2] 1 4/04 
[1 + 2.4 2 (1.4-1)/ 2] 1 4/04 


(70 kPa) =23.8kPa 


T 2 /T 0t _ [ l + MaUk-l)/2] ' t 
TJT 0 1 [1 + Maf (k-Y)l 2]~ l 1 


[1 4- 3. 105 2 (1.4 — 1) / 2] 1 
[1 + 2.4 2 (1 .4 — 1) / 2] _1 


(260 K) = 191 K 


Note that this is an expansion, and Mach number increases while pressure and temperature decrease, as expected. 

Discussion There are compressible flow calculators on the Internet that solve these implicit equations that arise in the 
analysis of compressible flow, along with both normal and oblique shock equations; e.g., see 
www.aoe.vt.edu/~devenpor/aoe3 1 1 4/calc .html . 
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17-92 Air flowing at a specified supersonic Mach number undergoes a compression turn (an oblique shock) over a tilted 
wedge. The Mach number, pressure, and temperature downstream of the shock below the wedge are to be determined. 

Assumptions 1 The flow is steady. 2 The boundary layer on the wedge is very thin. 3 
Air is an ideal gas with constant specific heats. 

Properties The specific heat ratio of air is k = 1.4. 

Analysis On the basis of Assumption #2, the deflection angle is determined to be 0^8= 25° + 10° = 35°. Then the 

two values of oblique shock angle { 3 are determined from 


2(Ma 2 sin 2 /?-!)/ tan f3 
MafOfc+cos 2/3) + 2 


-> 


tan 12 ° = 2(3-4 2 sin 2 /3-\)l tan (3 
3.4 2 (1.4 + cos 2/3) + 2 


which is implicit in /?. Therefore, we solve it by an iterative approach or with an equation solver such as EES. It gives /? we a k 
= 49.86° and /Strong = 77.66°. Then for the case of strong oblique shock, the upstream “normal” Mach number Mai. n becomes 


Ma u =Maj sin/? = 5 sin 77.66° =4.884 
Also, the downstream normal Mach numbers Ma 2 , n become 


Ma 2,n = 


i 


(k-l)Maj n +2 (1.4 -1X4.884) 2 +2 


2kMa j n -k + 1 


= 0.4169 


2(1.4)(4.884)" -1.4 + 1 

The downstream pressure and temperature are determined to be 

2kMa 2 -k + \ 2(1.4X4.884) 2 -1.4 + 1 

P 2 = P x = (70 kPa) — — = 1 940kPa 


k + 1 


1.4 + 1 


Ma, = 5 



t 2 



P 2 P\ 
P\ Pi 


P 2 2 + (k -l)Ma 2 ^ 1940 kPia 2 + (1.4-l)(4.884) 2 

— - — - = (260 K) — 

P x (£ + l)Ma 2 70kPa (1.4 + 1)(4.884) 2 


= 1450K 


The downstream Mach number is determined to be 


Ma 2 = 


Ma 


2,n 


sin(/? - 6) 


0.4169 

sin(77.66°-35°) 


0.615 


Discussion Note that Mai , n is supersonic and Ma 2 . n and Ma 2 are subsonic. Also note the huge rise in temperature and 
pressure across the strong oblique shock, and the challenges they present for spacecraft during reentering the earth’s 
atmosphere. 
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17-93E Air flowing at a specified supersonic Mach number is forced to turn upward by a ramp, and weak oblique shock 
forms. The wave angle, Mach number, pressure, and temperature after the shock are to be determined. 

Assumptions 1 The flow is steady. 2 The boundary layer on the wedge is very thin. 3 Air is an ideal gas with constant 
specific heats. 

Properties The specific heat ratio of air is k = 1.4. 

Analysis On the basis of Assumption #2, we take the deflection angle as equal to the ramp, i.e., 6^8= 8°. Then the 

two values of oblique shock angle { 3 are determined from 


2(Ma 2 sin° /?-l)/ tan/? ^ tan 8° 2(2 2 sin 2 /?-l)/tan/? 

Ma 2 (£ +cos 2j8) + 2 2 2 (1.4 + cos 2/3) + 2 


which is implicit in /?. Therefore, we solve it by an iterative approach or with an equation solver such as EES. It gives /? wea k 
= 37.21° and j3 stIong = 85.05°. Then for the case of weak oblique shock, the upstream “normal” Mach number Ma ) n becomes 

Ma u =Maj sin/? = 2 sin 37.21° = 1.209 


Also, the downstream normal Mach numbers Ma 2 , n become 


Ma 2,n = 


i 


(k - l)Mai n + 2 (1.4- 1X1.209) 2 +2 


2&Ma 2 n -k + 1 \ 2(1.4)(1.209) 2 -1.4 + 1 


= 0.8363 


The downstream pressure and temperature are determined to be 


„ „2AMa lin -* + l „„ . N 2(1 .4X1.209) 2 -1.4 + 1 

P 2 = Pi ; — t = (12 psia) — — t = 1 8.5 psia 


k + 1 


1.4 + 1 



t 2 



^2 P\ 
P\ P 2 


f^ 2 + q--l)Mafj, =(490R| l8.5p s „2 + a.4-l)(l.209> ; =556R 
P, (k + l)Ma) n 12 psia (1.4 + 1M1.209) 2 


The downstream Mach number is determined to be 


Ma ? = 



sin (/? - 6) 


0.8363 

sin(37.21° -8°) 


= 1.71 


Discussion Note that Maj, n is supersonic and Ma 2 , n is subsonic. However, Ma 2 is supersonic across the weak oblique 
shock (it is subsonic across the strong oblique shock). 
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17-94E Air flowing at a specified supersonic Mach number is forced to undergo a compression turn (an oblique shock)., 
The Mach number, pressure, and temperature downstream of the oblique shock are to be determined. 

Assumptions 1 The flow is steady. 2 The boundary layer on the wedge is very thin. 3 Air is an ideal gas with constant 
specific heats. 

Properties The specific heat ratio of air is k = 1.4. 

Analysis On the basis of Assumption #2, we take the deflection angle as equal to the wedge half-angle, i.e., 0^8- 

15°. Then the two values of oblique shock angle /3 are determined from 


2(Ma 2 sin° J3-1)/ tan/? 2(2 2 sin 2 /?-!)/ tan/? 

— » tan 15 = — 

Ma 2 (k + cos 2/?) + 2 2 2 (1.4 + cos 2/7) + 2 


which is implicit in /?. Therefore, we solve it by an iterative approach or with 
an equation solver such as EES. It gives /? we a k = 45.34° and /? stro ng = 79.83°. 
Then the upstream “normal” Mach number Ma l n becomes 

Weak shock : Maj n = Maj sin / 3 = 2 sin 45. 34° = 1.423 

Strong shock : Ma x n = Ma x sin /3 — 2 sin 79. 83° = 1 .969 


Also, the downstream normal Mach numbers Ma 2 , n become 
Weak shock : 


Ma 2,n = 


Strong shock : Ma 2 n = 


\ 




(k-l)Ma Xn +2 (1 .4 — 1)(1 .423) 2 +2 


2kMa Xn -k + l 


2(1.4)(1.423) 2 -1.4 + 1 


= 0.7304 


(k - l)Ma f >n + 2 (i .4 - 1)(1 .969) 2 + 2 


2kMa 2 n -k + l V 2(1. 4)(1.969) 2 -1.4 + 1 


- 0.5828 




The downstream pressure and temperature for each case are determined to be 


Weak shock : 


P 2 =P X 


2kMa X n -k + l 
k + l 


= (6 psia) 


2(1 .4)(1.423) 2 -1.4 + 1 
1.4 + 1 


= 17.57 = 1 7.6psia 


7X = 7) A_ = ri 2 + ( ^~ 1)Ma ^ n = (480 R) 17,57 psia 2 + (! 4 -DC 1 -423) 2 =609 5Rs610R 


Pi Pi Pi (k + l)Maj' n 


8 psia (1.4 + 1)(1 .423) 


2kMaf n - k + l 7(1 4Y1 9691 2 -14 + 1 

Strong shock : P 2 = P { ^ = (8 psia) A - \ j = 34.85 = 34.9 psia 


k + l 


1.4 + 1 


r , = r, *L A 2 ^ WK* = (480 R ) 34 - 85 P Sia 2 + (1 - 4 - 1X1 - %9)2 = 797.9 R s 798 R 


Pi Pi Pi (A: + 1 )Maf n 


8 psia (1.4 + 1X1.969) 


The downstream Mach number is determined to be 

Ma,_ 0 7304 

Weak shock: Ma 2 = = — = 1.45 

sin (P-0) sin(45.34°-15°) 

_ , , Ma 2,n 0.5828 .... 

Strong shock : Ma ? = — = = 0.644 

sin(/?-6>) sin(79.83°-15°) 

Discussion Note that the change in Mach number, pressure, temperature across the strong shock are much greater than 
the changes across the weak shock , as expected. For both the weak and strong oblique shock cases, Mai >n is supersonic and 
Ma 2<n is subsonic. However, Ma 2 is supersonic across the weak oblique shock, but subsonic across the strong oblique shock. 
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17-95 Air flowing at a specified supersonic Mach number impinges on a two-dimensional wedge, The shock angle, Mach 
number, and pressure downstream of the weak and strong oblique shock formed by a wedge are to be determined. 




Assumptions 1 The flow is steady. 2 The boundary layer on the wedge is very thin. 3 Air is an ideal gas with constant 
specific heats. 

Properties The specific heat ratio of air is k = 1 .4. 

Analysis On the basis of Assumption #2, we take the deflection angle as equal to the wedge half-angle, i.e., 0^8- 

8°. Then the two values of oblique shock angle p are determined from 

. 2(Ma? sin 2 /?-l)/tan/? 2(3.4 2 sin 2 P - l)/tan/? 

Ma 2 (k + cos 2p) + 2 3.4 2 (1.4 + cos 2/?) + 2 


which is implicit in p. Therefore, we solve it by an iterative approach or with an equation solver such as EES. It gives /? weak 
= 23 . 15 ° and p str ong = 87 . 45 °. Then the upstream “normal” Mach number Ma lin becomes 

Weak shock: Maj n = Maj sin/? = 3.4 sin 23. 15° = 1.336 

Strong shock : Ma } n = Maj sin P = 3.4 sin 87.45° = 3.397 


Also, the downstream normal Mach numbers Ma 2 , n become 


Weak shock : 


Ma 2,n = 


i 


(k- l)Ma 2 n +2 | (1.4 — 1)(1.336) 2 + 2 


2AMa 2 n - k + l \ 2(1.4)(1.336) 2 -1.4 + 1 


= 0.7681 


Strong shock: Ma 2 n = 


V 


(k ~ l)Ma 2 n + 2 | (1.4 -1)(3.397) 2 +2 


2AMa 2 n - A; + 1 V 2( 1 .4X3.397) 2 -1.4+1 


= 0.4553 


The downstream pressure for each case is determined to be 


Weak shock: 


m;, -* + 1 , (60kPa) 20.4X1.336)^ ~ 1-4 + 1 


k + l 


1.4 + 1 


Strong shock: 


= 2 m a, - k + 1 = (6p ^ 2(1 .4X3.397)^ - 1 .4 + 1 


k + l 


1.4 + 1 


= 115.0kPa 
= 797.6kPa 


The downstream Mach number is determined to be 


Ma ?n 0.7681 

Weak shock: Ma 9 = — = = 2.94 

sin (P-6) sin(23.15° - 8°) 

Ma ? 0.4553 

Strong shock: Ma ? = 1 — = = 0.463 

sin ifi-0) sin(87.45° -8°) 

Discussion Note that the change in Mach number and pressure across the strong shock are much greater than the 
changes across the weak shock , as expected. For both the weak and strong oblique shock cases, Mai, n is supersonic and 
Ma 2 , n is subsonic. However, Ma 2 is supersonic across the weak oblique shock, but subsonic across the strong oblique shock. 
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17-96 Air flowing through a nozzle experiences a normal shock. The effect of the shock wave on various properties is to be 
determined. Analysis is to be repeated for helium under the same conditions. 

Assumptions 1 Air and helium are ideal gases with constant specific heats. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic before the shock occurs. 

Properties The properties of air are k = 1.4 and R = 0.287 kJ/kg-K, and the properties of helium are k = 1.667 and R = 
2.0769 kJ/kg-K. 

Analysis The air properties upstream the shock are 

Ma, = 2.6, P x = 58 kPa, and 73 = 270 K 

Fluid properties after the shock (denoted by subscript 2) are related to those 
before the shock through the functions in Table A-33. For Ma] = 2.6, 

Ma, = 0 . 5039 , ^- = 9.1813, ^- = 7.7200, and ^- = 2.2383 
Pi Pi Ti 


V 


VI/" 


shock 

wave 


-U jj LLLLU Q J- 

© AIR — - ©(© 




r rn 1 1 m i rrr 


Maj =2.6 


We obtained these values using analytical relations in Table 14. Then the stagnation pressure P 0 2 , static pressure P 2 , and 
static temperature T 2 , are determined to be 

P 02 = 9.1813P, = (9.1813X58 kPa) = 532.5 kPa 

P 2 = 7.7200Pi = (7.7200X58 kPa) = 447.8 kPa 

T 2 = 2.922073 = (2.2383)(270 K) = 604.3 K 

The air velocity after the shock can be determined from V 2 = Ma 2 c 2 , where c 2 is the speed of sound at the exit conditions 
after the shock, 


V 2 = Ma 2 c 2 = Ma 2y /kRT 2 =(0.5039) 


(1.4X0.287 kJ/kg • K)(604.3 K) 


2 1000m 2 /s 2 2 


1 kJ/kg 


= 248.3m/s 


We now repeat the analysis for helium. This time we cannot use the tabulated values in Table A-33 since k is not 1.4. 
Therefore, we have to calculate the desired quantities using the analytical relations, 


Ma 2 = 


r 9 \i/2 

Maf + 2/(k-l) 

2Mafk Kk - 1) - 1 


2.6 2 +2/(1.667-1) 
2x2.6 2 x 1.667/(1.667-1)-! 


\ 1/2 


0.5455 


P 2 I + /tMaj 2 

P\ \+kM-d\ 


1 + 1.667 x 2.6 2 
1 + 1.667 xO.5455 2 


8.2009 


T 2 1 + Ma 2 {k — 1) / 2 _ 1 + 2.6 2 (1.667-1)/ 2 

7) l + Ma 2 (^-l)/2 1 + 0.5455 2 (1.667-1)/ 2 


Pq2 

Pi 


' 1 + /.-Ma 2 ' 
J+kMd 2 2/ 


1 + (k - l)Ma 2 / 2 


I k !(k- 1) 


r 1 + 1.667 x2.6 2 " 
1 + 1.667 xO.5455 2 


1 + (1.667-1) x 0.5455© 2 


.667/0.667 


10.389 


Thus, 


P 02 = 10.389F, = (10.389)(58 kPa) = 602.5 kPa 
P 2 = 8.2009/X = (8.2009)(58 kPa) = 475.7 kPa 
T 2 = 2.960673 = (2.9606)(270 K) = 799.4 K 


V 2 =Ma 2 c 2 =Ma 2 ^kRT 2 =(0.5455) 




(1.667)(2.0769 kJ/kg • K)(799.4 K) 


' 1000 m 2 / s 2 


1 kJ/kg 


907.5m/s 


Discussion 


The velocity and Mach number are higher for helium than for air due to the different values of k and R. 
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17-97 Air flowing through a nozzle experiences a normal shock. The entropy change of air across the normal shock wave is 
to be determined. 

Assumptions 1 Air and helium are ideal gases with constant specific heats. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic before the shock occurs. 

Properties The properties of air are R = 0.287 kJ/kg-K and c p = 1.005 kJ/kg-K, and the properties of helium are R = 
2.0769 kJ/kg-K and c p = 5.1926 kJ/kg-K. 

Analysis For air, the entropy change across the shock is determined to be 

s 2 - Sj = c p In — - R\n — = (1.005 kJ/kg • K)ln(2.2383) - (0.287 kJ/kg • K)ln(7.7200) = 0.223kJ/kg K 
T\ P x 

For helium, the entropy change across the shock is determined to be 

s 2 - Sj = c p In — -Rln^ = (5. 1926 kJ/kg • K)ln(2.9606) - (2.0769 kJ/kg • K)ln(8.2009) = 1 .27kJ/kg K 
T x P x 

Discussion Note that shock wave is a highly dissipative process, and the entropy generation is large during shock 
waves. 


Duct Flow with Heat Transfer and Negligible Friction (Rayleigh Flow) 

17-98C We are to discuss the effect of heating on the flow velocity in subsonic Rayleigh flow. 

Analysis Heating the fluid increases the flow velocity in subsonic Rayleigh flow, but decreases the flow velocity 
in supersonic Rayleigh flow. 

Discussion These results are not necessarily intuitive, but must be true in order to satisfy the conservation laws. 


17-99C We are to discuss what the points on a T-s diagram of Rayleigh flow represent. 

Analysis The points on the Rayleigh line represent the states that satisfy the conservation of mass, momentum, 
and energy equations as well as the property relations for a given state. Therefore, for a given inlet state, the fluid 
cannot exist at any downstream state outside the Rayleigh line on a T-s diagram. 

Discussion The T-s diagram is quite useful, since any downstream state must lie on the Rayleigh line. 


17-100C We are to discuss the effect of heat gain and heat loss on entropy during Rayleigh flow. 

Analysis In Rayleigh flow, the effect of heat gain is to increase the entropy of the fluid, and the effect of heat loss 
is to decrease the entropy. 

Discussion You should recall from thermodynamics that the entropy of a system can be lowered by removing heat. 
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17- 101 C We are to discuss how temperature and stagnation temperature change in subsonic Rayleigh flow. 

Analysis In Rayleigh flow, the stagnation temperature T 0 always increases with heat transfer to the fluid, but the 
temperature T decreases with heat transfer in the Mach number range of 0.845 < Ma < 1 for air. Therefore, the 
temperature in this case will decrease. 

Discussion This at first seems counterintuitive, but if heat were not added, the temperature would drop even more if the 
air were accelerated isentropically from Ma = 0.92 to 0.95. 


17-102C We are to discuss the characteristic aspect of Rayleigh flow, and its main assumptions. 

Analysis The characteristic aspect of Rayleigh flow is its involvement of heat transfer. The main assumptions 
associated with Rayleigh flow are: the flow is steady, one- dimensional, and frictionless through a constant-area duct, and 
the fluid is an ideal gas with constant specific heats. 

Discussion Of course, there is no such thing as frictionless flow. It is better to say that frictional effects are negligible 
compared to the heating effects. 


17-103C We are to examine the Mach number at the end of a choked duct in Rayleigh flow when more heat is added. 
Analysis The flow is choked, and thus the flow at the duct exit remains sonic. 

Discussion There is no mechanism for the flow to become supersonic in this case. 
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17-104 Argon flowing at subsonic velocity in a constant-diameter duct is accelerated by heating. The highest rate of heat 
transfer without reducing the mass flow rate is to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one -dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Mass flow 
rate remains constant. 


Properties We take the properties of argon to be k = 1.667, 
Cp = 0.5203 kJ/kg-K, and R = 0.2081 kJ/kg-K. 

Analysis Heat transfer stops when the flow is choked, and 
thus Ma 2 = V 2 /c 2 = 1. The inlet stagnation temperature is 


^ 01=^1 


Jfc-1,, 2 
Mar 


= (400 K) 




7 


= 405.3 K 


y 


The Rayleigh flow functions corresponding to the inlet and exit Mach 
numbers are 

T 02 /T 0 = 1 (since Ma 2 =1) 


Q 


Pi = 320ikPa 

V ! 

r, = 400!K 

|Ma 2 = 1 



Ma, = 6.2 

1 i 

i 
i 

i 

i 

i 

i 


T, 


01 


Tr 


(k + l)Ma 2 [2 + (k - l)Ma 2 ] 
(1 + A'Maj 1 ) 2 


(1 .667 + 1)0.2 2 [2 + (1.667 - 1)0.2 2 ] 
(1 + I.667x0.2 2 ) 2 


0.1900 


Therefore, 

7()2 _ Tq 2 ! Tq _ 1 

T 0l ~ T 01 /Tq “0.1900 


-> T 02 = T 0l / 0.1900 = (405.3 K)/ 0.1900 = 2133 K 


Then the rate of heat transfer becomes 


Q = m^c p (T 02 - T 0l ) = (1.2 kg/s)(0.5203 kJ/kg • K)(2133 - 400) K - 1 080 kW 

Discussion It can also be shown that T 2 = 1600 K, which is the highest thermodynamic temperature that can be attained 
under stated conditions. If more heat is transferred, the additional temperature rise will cause the mass flow rate to decrease. 
Also, in the solution of this problem, we cannot use the values of Table A-34 since they are based on k = 1.4. 
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17-105 Air is heated in a duct during subsonic flow until it is choked. For specified pressure and velocity at the exit, the 
temperature, pressure, and velocity at the inlet are to be determined. 

Assumptions The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 

Properties We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 

Analysis Noting that sonic conditions exist at the exit, the exit temperature is 

C 2 = V 2 /Ma 2 =(680m/s)/l = 680m/s q = 6? kJ/kg 


c 2 - 2 -A 

(1.4)(0.287 kJ/kg • K)T 2 

' 1000 m 2 /s 2 ^ 

= 680 m/s 

i > 

P 2 j= 270 kPa 



[ 1 kJ/kg ) 


r > : 

V 2 \= 680 m/s 







It gives 




Mai : 

Ma 2 = 1 

i z 

T-1 1 S 1 IV 




1 

1 

i 


Then the exit stagnation temperature becomes 


T 02 ~ T 2 + 


V n 


2c 


= 1151 K + 


(680 m/s)‘ 


2x1.005 kJ/kg-K 


1 kJ/kg 


\ 


1000m 2 /s 2 ; 


= 1381 K 


The inlet stagnation temperature is, from the energy equation q = c p (T ()2 -T 0l ) , 




-JL. 138IK 67 kJ/kg _ 1314K 

c p 1.005 kJ/kg • K 


The maximum value of stagnation temperature T 0 occurs at Ma = 1, and its value in this case is T 02 since the flow 
is choked. Therefore, T 0 = T 02 = 1381 K. Then the stagnation temperature ratio at the inlet, and the Mach number 
corresponding to it are, from Table A-34, 


T 1 M 4 K 

-21 = = 0.9516 -> Ma, = 0.7779 = 0.778 

T* 1381 K 

The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 
Ma! = 0.7779: Tjf = 1.018, P { /P* = 1.301, VJV* = 0.7852 

Ma 2 = 1: T 2 !f = 1, P 2 /P = 1, VJV" = 1 

Then the inlet temperature, pressure, and velocity are determined to be 

-> 7j =1.018r 2 =1.018(1151 K) =1 172K 


-> P x =1.301 P 2 = 1.301(270 kPa) = 351 -3kPa 


-> V x = 0.7852V 2 = 0.7852(680 m/s) = 533.9m/s 

Discussion Note that the temperature and pressure decreases with heating during this subsonic Rayleigh flow while 
velocity increases. This problem can also be solved using appropriate relations instead of tabulated values, which can 
likewise be coded for convenient computer solutions. 


T 2 t 2 it* _ 1 
T t TJT* 1.018 

P 2 P 2 IP* 1 
Pi PJP* 1-301 

v 2 _ v 2 /y* 1 

Vj V, /V* 0.7852 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 


17-62 


17-106 Air enters the combustion chamber of a gas turbine at a subsonic velocity. For a specified rate of heat transfer, the 
Mach number at the exit and the loss in stagnation pressure to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 The cross- 
sectional area of the combustion chamber is constant. 3 The increase in mass flow rate due to fuel injection is disregarded. 


Properties 

Analysis 


We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 
The inlet stagnation temperature and pressure are 


r 01 =7i 


i + 


k - 1 


\ 


Ma 


= (700 K) 


p = p 
-*01 1 1 


i k 1 A . 2 

1 + Mar 


y 

\k/(k- \) 


1 + 


1.4-1 


0.2 


= 705.6 K 


7 


y 


= (600 kPa) 
= 617.0 kPa 


r i 41 V- 4/a4 

1 + — — - 0 . 2 2 

v 2 j 


Q - 150kJ/s 


Pi = 6001 kPa 

T\ = 700iK COMBUSTOR 

>1 TUBE 

Ma! = 0.2 


Ma^ 


The exit stagnation temperature is determined from 


Q = m air c p (T 02 -T 0l ) -> 150 kJ/s = (0.3 kg/s)(l .005 kJ/kg ■ K)(r 02 - 705.6) K 


It gives 

r 02 = 1203 K 

At Maj = 0-2 we read from Toi/T 0 + = 0.1736 (Table A-34). Therefore, 



Tqi 

0.1736 


705.6 K 
0.1736 


= 4064.5 K 


Then the stagnation temperature ratio at the exit and the Mach number corresponding to it are (Table A-34) 


T, 


02 


To 


1203 K 
4064.5 K 


0.2960 


-> Ma 2 = 0.2706 = 0.271 


Also, 

Ma, =0.2 -> P 0l /P 0 * = 1-2346 

Ma 2 = 0.2706 -> P Q2 IPq = 1 .209 1 

Then the stagnation pressure at the exit and the pressure drop become 

P P / P 1 2091 

-21 = — 2_ = = 0.9794 P 0 , = 0.9794P n , = 0.9794(617 kPa) = 604.3 kPa 

P 0I P 01 /P 0 * 1.2346 

and 

AP () =P 0l - P 0 2 = 617.0 - 604.3 = 1 2.7 kPa 

Discussion This problem can also be solved using appropriate relations instead of tabulated values, which can likewise 
be coded for convenient computer solutions. 
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17-107 Air enters the combustion chamber of a gas turbine at a subsonic velocity. For a specified rate of heat transfer, the 
Mach number at the exit and the loss in stagnation pressure to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 The cross- 
sectional area of the combustion chamber is constant. 3 The increase in mass flow rate due to fuel injection is disregarded. 


Properties We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 
Analysis The inlet stagnation temperature and pressure are 


r 01 =7i 


p = p 
-*01 1 1 


1 + 


k - 1 


\ 


Ma 




= (700 K) 


r k - 1 

1 + — Ma? 


J 

\k/(k- \) 


1 + 


1.4-1 


0.2 


= 705.6 K 


7 


v 


7 


= (600 kPa) 
= 617.0 kPa 


r i 41 V- 4/a4 

1 + — — — - 0 . 2 2 

v 2 j 


The exit stagnation temperature is determined from 


Q = 300 kJ/s 


■ 

Pi = 600| kPa ^ 

Pi = 550,K C omBUSTOR 

Ma 2 

" i I UJ3R 

Ma, = 0.2 

i 

i 



Q = m air c p (T 02 -T 0l ) -> 300 kJ/s = (0.3 kg/s)(1.005kJ/kg-K)(r 02 - 705.6) K 


It gives 

T 02 = 1701 K 

At Maj = 0.2 we read from Toi/T 0 + = 0.1736 (Table A-34). Therefore, 



Tqi 

0.1736 


705.6 K 
0.1736 


= 4064.5 K 


Then the stagnation temperature ratio at the exit and the Mach number corresponding to it are (Table A-34) 


T, 


02 


To 


1701 K 
4064.5 K 


= 0.4185 


-> Ma 2 = 0.3393 = 0.339 


Also, 

Ma, =0.2 -> P 0l /P 0 * = 1.2346 

Ma 2 = 0.3393 -> PJPq =1.1820 

Then the stagnation pressure at the exit and the pressure drop become 

p PIP 11 820 

— *L= ■ ° u =0.9574 -> P o ,=0.9574P m = 0.9574(617 kPa) = 590.7 kPa 
^oi P 01 /Pq 1-2346 

and 

A P Q =P 0l - P 0 2 = 617.0 - 590.7 = 26.3kPa 

Discussion This problem can also be solved using appropriate relations instead of tabulated values, which can likewise 
be coded for convenient computer solutions. 
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17-108E Air flowing with a subsonic velocity in a round duct is accelerated by heating until the flow is choked at the exit. 
The rate of heat transfer and the pressure drop are to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 The flow is 
choked at the duct exit. 3 Mass flow rate remains constant. 

Properties We take the properties of air to be k = 1.4, c p = 0.2400 Btu/lbm-R, and R = 0.06855 Btu/lbm-R = 0.3704 


psia-ft /lbm-R. 

Analysis The inlet density and velocity of air are 


Q 


P 


p\ = 


30 psia 


V, = 


RT { (0.3704 psia- ft 71bm- R)(800 R) 

5 lbm/s 


m 


air 


= 0.10121bm/ft 


= 565.9 ft/s 


P i = 30 ])sia 

r, = 800 !r 




m = 5 lbm/s 


A 4 1 (0.1012 lbm/4 3 )[;r(4/12 4) 2 / 4] 

The stagnation temperature and Mach number at the inlet are 


r„i = 7i 


v, 


2c 


= 800R 


(565.9 ft/s) 


p 


2x0.2400 Btu/lbm-R 


/ 1 Btu/lbm ' 

25,0374 2 /s 2 


= 826.7 R 


Ci =JkRT i = 


(1.4X0.06855 Btu/lbm- R)(800 R) 


A 25,0374 2 /s 2 ^ 
1 Btu/lbm 


= 1386 ft/s 


Maj = — = 


Vi 565.9 ft/s 


= 0.4082 


c l 1386 ft/s 

The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 
Maj = 0.4082: T { /f = 0.6310, PJP* = 1.946, r 0 ,/r 0 " = 0.5434 

Ma 2 = 1: T 2 /f = 1, P 2 /P * = 1, T 02 /T 0 f = 1 

Then the exit temperature, pressure, and stagnation temperature are determined to be 

1 


T 2 t 2 /t 
7 \ r , it* 

p 2 p 2 /p 


0.6310 

1 


Pi P x IP 1-946 


T, 


02 


Tr 


01 


^02 IT 

7oi/r 


1 


0.5434 


-> T 2 = T x / 0.63 10 = (800 R)/ 0.63 10 = 1268 R 


-> P 2 =P l / 2.272 = (30 psia)/ 1.946 = 15. 4 psia 


-> T 02 = r 01 / 0.1743 = (826.7 R) / 0.5434 = 1521 R 


Then the rate of heat transfer and the pressure drop become 

Q = m&Cp (r 02 -r 01 ) = (5 lbm/s)(0.2400 Btu/lbm- R)(1521- 826.7) R = 834 Btu/s 
AP = T> -p 2 = 30-15.4 = 1 4.6psia 

Discussion Note that the entropy of air increases during this heating process, as expected. 


Mia 2 — 1 


T 2 = 680 R 
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17-109 Air flowing with a subsonic velocity in a duct. The variation of entropy with temperature is to be 

investigated as the exit temperature varies from 600 K to 5000 K in increments of 200 K. The results are to be tabulated and 
plotted. 


Analysis We solve this problem using EES making use of Rayleigh functions. The EES Equations window is printed below, 
along with the tabulated and plotted results. 


k=1 .4 
cp=1.005 
R=0.287 
PI =350 
T 1 =600 
VI =70 

Cl =sqrt(k*R*T 1 *1 000) 

Ma1=V1/C1 

T01=T1*(1+0.5*(k-1)*Ma1 A 2) 

P01 =P1 *(1 +0.5*(k-1 )*Ma1 A 2) A (k/(k-1 )) 

FI =1 +0.5*(k-1 )*Ma1 A 2 
T01Ts=2*(k+1)*Ma1 A 2*F1/(1 +k*Ma1 A 2) A 2 
P01 Ps=((1 +k)/(1 +k*Ma1 A 2))*(2*F1/(k+1 )) A (k/(k- 
1 )) 

T1 Ts=(Ma1 *((1 +k)/(1 +k*Ma1 A 2))) A 2 
PI Ps=(1 +k)/(1 +k*Ma1 A 2) 

VI Vs=Ma1 A 2*(1 +k)/(1 +k*Ma1 A 2) 

F2=1 +0.5*(k-1 )*Ma2 A 2 
T02Ts=2*(k+1 )*Ma2 A 2*F2/(1 +k*Ma2 A 2) A 2 
P02Ps=((1 +k)/(1 +k*Ma2 A 2))*(2*F2/(k+1 )) A (k/(k- 
1 )) 

T2Ts=(Ma2*((1 +k)/(1 +k*Ma2 A 2))) A 2 
P2Ps=(1 +k)/(1 +k*Ma2 A 2) 

V2Vs=Ma2 A 2*(1 +k)/(1 +k*Ma2 A 2) 

T 02=T 02T s/T 0 1 T s*T 0 1 
P02=P02Ps/P01 Ps*P01 
T2=T2Ts/T1Ts*T1 
P2=P2Ps/P1 Ps*P1 
V2=V2 Vs/V 1 Vs*V 1 
Delta_s=cp*ln(T2/T 1 )-R*ln(P2/P1 ) 


Exit 

temperature 

t 2 , k 

Exit Mach 
number, Ma 2 

Exit entropy relative to 
inlet, S 2 , kJ/kg-K 

600 

0.143 

0.000 

800 

0.166 

0.292 

1000 

0.188 

0.519 

1200 

0.208 

0.705 

1400 

0.227 

0.863 

1600 

0.245 

1.001 

1800 

0.263 

1.123 

2000 

0.281 

1.232 

2200 

0.299 

1.331 

2400 

0.316 

1.423 

2600 

0.333 

1.507 

2800 

0.351 

1.586 

3000 

0.369 

1.660 

3200 

0.387 

1.729 

3400 

0.406 

1.795 

3600 

0.426 

1.858 

3800 

0.446 

1.918 

4000 

0.467 

1.975 

4200 

0.490 

2.031 

4400 

0.515 

2.085 

4600 

0.541 

2.138 



Discussion Note that the entropy of air increases during this heating process, as expected. 
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17-110E Air flowing with a subsonic velocity in a square duct is accelerated by heating until the flow is choked at the exit. 
The rate of heat transfer and the entropy change are to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 The flow is 
choked at the duct exit. 3 Mass flow rate remains constant. 


Properties We take the properties of air to be k = 1.4, c p = 0.2400 Btu/lbm-R, and R = 0.06855 Btu/lbm-R = 0.3704 


psia-ft /lbm-R. 

Analysis The inlet density and mass flow rate of air are 


P 


P\ = 


80 psia 


= 0.3085 lbm/ft 


RT X (0.3704 psia- ft 3 /lbm- R)(700 R) 
m air = = (0.3085 lbm/ft 3 )(6 x 6/ 144 ft 2 )(260 ft/s) = 20.06 lbm/s 

The stagnation temperature and Mach number at the inlet are 


7 o , = 7-, 


y, 


2c 


= 700R 


(260 ft/s) 


p 


2x0.2400 Btu/lbm-R 


/ 1 Btu/lbm '' 

25,037ft 2 /s 2 


Q 


P i = 80 jjsia 
T x = 7001R 




V, = 260; ft/s 


= 705.6 R 


Ma 2 — 1 


c i = 


JkRT[ 


\ 


(1.4X0.06855 Btu/lbm- R)(700 R) 


A 25,037ft 2 /s 2 " 
1 Btu/lbm 


= 1297 ft/s 


Ma i = — = 


V x 260 ft/s 


cj 1297 t/s 


= 0.2005 


The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 
Mai = 0.2005: T x lf = 0.2075, PJP* = 2.272, T 0 i/T 0 * = 0.1743 

Ma 2 = 1: T 2 /T* = 1, P 2 /P = 1, T 02 /T 0 f = 1 

Then the exit temperature, pressure, and stagnation temperature are determined to be 


T 2= T 2 /T* = 1 

T x T x /T* 0.2075 

P 2 = P 2 /P' = 1 

P x P x /P* 2.272 

Tqi _ Tq2 ! T _ 1 

Toi ~ T 0l /T* “0.1743 


-> T 2 =T x / 0.2075 = (700 R) / 0.2075 = 3374 R 


— > P 2 - P\! 2.272 = (80 psia) / 2.272 = 35.2 psia 


-> t 02 = T o i / 0. 1743 = (705.6 R) / 0. 1743 = 4048 R 


Then the rate of heat transfer and entropy change become 


Q = m^c p (T 02 -T 0{ ) = (20.06 lbm/s)(0.2400 Btu/lbm- R)(4048 - 705.6) R = 1 6,090 Btu/s 

A s=c n In — _ R\ n ^ = (0.2400 Btu/lbm- R) In 3374 R -(0.06855 Btu/lbm- R )i n 35 2psia = 0.434 Btu/lbm • R 
p 7\ P l 700 R 80 psia 

Discussion Note that the entropy of air increases during this heating process, as expected. 
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17-111 Fuel is burned in a rectangular duct with compressed air. For specified heat transfer, the exit temperature and Mach 
number are to be determined. 

Assumptions The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 


Properties 

Analysis 

Cl =yjkRT x = 


We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 
The stagnation temperature and Mach number at the inlet are 


(1.4)(0.287 kJ/kg • K)(300 K) 


^lOOOm 2 /s 2 ^ 


1 kJ/kg 


= 347.2 m/s 


V! = MajCj = 2(347.2 m/s) = 694.4 m/s 


^ 01=^1 


V\ 2 -3QQK | (694.4 m/s) 2 ( 1 kJ/kg 


A 


2c 


2x1.005 kJ/kg-K U000m 2 /s 2 


= 539.9 K 


P \ = 420 kPd 
T x = 300 K 

> 

Ma, = 2 


q = 55 kJ/kg 


T 2 , Ma 2 

> 


The exit stagnation temperature is, from the energy equation q = c (T ()2 -T 0l ) , 


^02 “^01 


<7 


= 539. 9K 


55 kJ/kg 


1.005 kJ/kg-K 


= 594.6 K 


The maximum value of stagnation temperature T 0 occurs at Ma = 1, and its value can be determined from Table A-34 or 
from the appropriate relation. At Mai = 2 we read T 0 i/T 0 = 0.7934. Therefore, 


rr* _ T () \ 

i 0 - 


539.9 K 


= 680.5 K 


0.7934 0.7934 

The stagnation temperature ratio at the exit and the Mach number corresponding to it are, from Table A-34, 


T m 594 6 K 

= — = 0.8738 -> Ma 2 = 1 .642 s 1 .64 

T* 680.5 K 

Also, 

Ma, = 2 -> T x lf = 0.5289 

Ma 2 = 1.642 -> T 2 /t = 0.6812 

Then the exit temperature becomes 

T TIT 0 68 1 2 

— =— - = — = 1.288 -> r 2 = 1.28871 =1.288(300 K) = 386 K 

T x T X IT 0.5289 


Discussion Note that the temperature increases during this supersonic Rayleigh flow with heating. This problem can 
also be solved using appropriate relations instead of tabulated values, which can likewise be coded for convenient computer 
solutions. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. If 
you are a student using this Manual, you are using it without permission. 


17-68 


17-112 Compressed air is cooled as it flows in a rectangular duct. For specified heat rejection, the exit temperature and 
Mach number are to be determined. 

Assumptions The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 


Properties 

Analysis 

Cl =yjkRT x = 


We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 
The stagnation temperature and Mach number at the inlet are 


(1.4)(0.287 kJ/kg • K)(300 K) 


^lOOOm 2 /s 2 ^ 


1 kJ/kg 


= 347.2 m/s 


V! = MajCj = 2(347.2 m/s) = 694.4 m/s 


P, = 420 kPa 
T j = 300 K 

> 

Ma, = 2 




V \ _ 3QQ K | (694.4 m/s) 2 ( 1 kJ/kg 


A 


2c 


2x1.005 kJ/kg-K U000m 2 /s 2 


= 539.9 K 


q = 55 kJ/kg 



The exit stagnation temperature is, from the energy equation q = c p (P 02 -P 01 ) , 

T =T+ 1_ = 539.9 K + -_ - 55kJ/kg = 485.2 K 

02 1.005 kJ/kg-K 

The maximum value of stagnation temperature T 0 occurs at Ma = 1, and its value can be determined from Table A-34 or 
from the appropriate relation. At Mai = 2 we read Toi/Tq* = 0.7934. Therefore, 


rr* _ T () \ 

i 0 - 


539.9 K 


= 680.5 K 


0.7934 0.7934 

The stagnation temperature ratio at the exit and the Mach number corresponding to it are, from Table A-34, 


T^_ = 485.2 K = Q 7130 = 2.479 s 2.48 

P 0 680.5 K 

Also, 

Ma, = 2 -> Tjf = 0.5289 

Ma 2 = 2.479 -> T 2 lf = 0.3838 

Then the exit temperature becomes 

T T/T 0 3838 

— =— - = — = 0.7257 -> T ? = 0.7257P = 0.7257(300 K) =218 K 

T x T X !T 0.5289 

Discussion Note that the temperature decreases and Mach number increases during this supersonic Rayleigh flow with 
cooling. This problem can also be solved using appropriate relations instead of tabulated values, which can likewise be 
coded for convenient computer solutions. 
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17-113 Fuel is burned in a tubular combustion chamber with compressed air. For a specified exit Mach number, the exit 
temperature and the rate of fuel consumption are to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one -dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Combustion is 
complete, and it is treated as a heat addition process, with no change in the chemical composition of flow. 3 The increase in 
mass flow rate due to fuel injection is disregarded. 


Properties 

Analysis 

Pi = 


We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 
The inlet density and mass flow rate of air are 


R 


380 kPa 


= 2.942 kg/m 3 

RT X (0. 287 kJ/kgK)(45 OK) 

m air =A4Vi = (2.942 kg/m 3 )[tt( 0. 16m) 2 / 4](55 m/s) = 3.254 kg/s 
The stagnation temperature and Mach number at the inlet are 


Tqi ~ T \ + 


V, 


2c 


= 450K + 


(55 m/s)' 


2x1.005 kJ/kg-K 


lkJ/kg 


1000 m 2 /s 2 ; 


= 451.5 K 


Q 




P x = 3801 kPa 
T t = 450, K COMBUSXO r 

*-! TUBE 

V\ = 55 m/s 


t 2 ,v? 


c \ = 



1 


(1.4X0.287 kJ/kg • K)(450 K) 


' 1000 m 2 Is 2 ) 


1 kJ/kg 


425.2 m/s 


Maj = 


Yi 

c i 


55 m/s 
425.2 m/s 


0.1293 


The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34) (We used analytical 
functions): 

Ma, = 0.1293: 7j if = 0.09201, T m /f = 0.07693, F,/F* = 0.03923 

Ma 2 = 0.8: T 2 lf = 1.0255, T 02 /f = 0.9639, F 2 /F * = 0.8101 

The exit temperature, stagnation temperature, and velocity are determined to be 


h 

Ti 


t 2 /t 


T x /T 


1.0255 

0.09201 


11.146 -> 


r 2 =11.1467j =1 1.146(450 K) =501 6K 


Tq2_ T 02 /T A: _ 0.9639 
T 0l r 01 /r* 0.07693 


12.530 


-> T 02 = 12.530T 01 = 12.530(45 1 .5 K) = 5658 K 


Yz 

Vi 


V 2 /V* _ 0.8101 
Fj/F* ~ 0.03923 


20.650 -> 


F 2 = 20.650Fj = 20.650(55 m/s) = 1 136 m/s 


Then the mass flow rate of the fuel is determined to be 


q = c p (T 02 - r 01 ) = (1 .005 kJ/kg • K)(5658 - 45 1.5) K = 5232 kJ/kg 
Q = m^q = (3.254 kg/s)(5232 kJ/kg) = 17,024 kW 


m foel = 


Q 


HV 


17,024 kJ/s 
39,000 kJ/kg 


0.4365kg/s 


Discussion Note that both the temperature and velocity increase during this subsonic Rayleigh flow with heating, as 
expected. This problem can also be solved using appropriate relations instead of tabulated values, which can likewise be 
coded for convenient computer solutions. 
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17-114 Air flowing at a supersonic velocity in a duct is decelerated by heating. The highest temperature air can be heated by 
heat addition and the rate of heat transfer are to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Mass flow 
rate remains constant. 


Properties We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 


Analysis Heat transfer will stop when the flow is choked, and thus Ma 2 = V 2 /c 2 = 1. Knowing stagnation properties, 
the static properties are determined to be 


Ti=T 0l 


Pi=Poi 


1 


k - 1 


Ma 


i k — 1 2 

1 + Mar 


-1 

( 1.4-1 

-1 

= (600 K) 

1 + 

1.8 



V 

2 ) 


y-k!{k-\) 


( 1.4-1 

\ 

= (140 K) 

1 + 

1.8 2 

/ 


V 2 

y 


= 24.37 kPa 


P 


Pi = 


24.37 kPa 


= 0.2332 kg/nr 


RT X (0. 287 kJ/kgK)(364. 1 K) 

Then the inlet velocity and the mass flow rate become 


Cl = yjkRT x = 


(1.4X0.287 kJ/kg • K)(364. 1 K) 


/ 1000m 2 /s 2 ^ 


1 kJ/kg 


Q 


01 

01 


= 140 kPa 

T ! 

= 600 K 

~~r 

p 

II 

i=1.8 * 

1 

1 

1 

1 


= 382.5 m/s 


Vi = MajCj = 1.8(382.5 m/s) = 688.5 m/s 


m air = p x A cl V x = (0.2332 kg/m 3 )[;r(0.07 m) 2 / 4](688.5 m/s) = 0.6179 kg/s 

The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 
Ma, = 1.8: TJT* = 0.6089, T 0l /T 0 * = 0.8363 

Ma 2 = 1 : T 2 /T* = 1, r 02 /r 0 * = 1 

Then the exit temperature and stagnation temperature are determined to be 


T 2= T 2 /T* = 1 ^ 

T x T x /T * 0.6089 

^02 _ ^ 02 /Tp _ 1 

T 0 i ~ T 01 /Tq “0.8363 
Finally, the rate of heat transfer is 


T 2 =T x / 0.6089 = (364. 1 K) / 0.6089 = 598 K 


T 02 =7^ / 0.8363 = (600 K) /0. 8363 = 717.4 K = 717 K 


Q = m^c p (T 02 -T ox ) = (0.6179 kg/s)( 1.005 kJ/kg • K)(717.4 - 600) K = 72.9kW 

Discussion Note that this is the highest temperature that can be attained under stated conditions. If more heat is 
transferred, the additional temperature will cause the mass flow rate to decrease. Also, once the sonic conditions are 
reached, the thermodynamic temperature can be increased further by cooling the fluid and reducing the velocity (see the T-s 
diagram for Rayleigh flow). 
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Steam Nozzles 


17-115C The delay in the condensation of the steam is called supersaturation. It occurs in high-speed flows where there 
isn’t sufficient time for the necessary heat transfer and the formation of liquid droplets. 
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17-116 Steam enters a converging nozzle with a low velocity. The exit velocity, mass flow rate, and exit Mach number are 
to be determined for isentropic and 94 percent efficient nozzle cases. 

Assumptions 1 Flow through the nozzle is steady and one-dimensional. 2 The nozzle is adiabatic. 

Analysis {a) The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is 
negligible. Thus /i 0 i = h x . 


At the inlet, 

P x =P 0l =5 MPa 


7j = T 0X =400°C 


h x =h ox = 3196.7 kJ/kg 
s x = s 2s = 6.6483 kJ/kg • K 


At the exit, 


P 2 =3 MPa 


s 2 = 6.6483 kJ/kg • K 


h 2 =3057.0 kJ/kg 
v 2 = 0.08601 m 3 /kg 



Then the exit velocity is determined from the steady-flow energy balance E- = E t with q-w - 0, 


h x +V x /2 = h 1 +V 2 /2 


Vi - Vf 

-> 0 = - h x -f 


,710 


Solving for V 2 , 

V 2 ~ '\l'Z(h x ~ h 2 ) = 


i 


2(3196.7 -3057.0) kJ/kg 


f 1000 m 2 /s 2 ^ 
1 kJ/kg 


= 528.5 m/s 


The mass flow rate is determined from 


m = — A 2 V 2 = 

V' 


1 


(60 x 10“ 4 m 2 )(528.5 m/s) = 36.86 kg/s 


’ 2 0.08601m /kg 

The velocity of sound at the exit of the nozzle is determined from 


c - 


^ 1/2 

\ d pj 


A P 


\ 1/2 


A(l/c/) 


The specific volume of steam at s 2 = 6.6483 kJ/kg-K and at pressures just below and just above the specified pressure (2.5 
and 3.5 MPa) are determined to be 0.09906 and 0.07632 m 3 /kg. Substituting, 

= 576.6 m/s 


Co = 


(3500 - 2500) kPa | 

f 1000 m 2 /s 2 ' 

r i i ^ 

Vrr/m 3 

, lkPa.m 3 

( 0.07632 0.09906 J 

| 111 


Then the exit Mach number becomes 


A/f V 2 528.5 m/s „ 

Ma 2 = — = = 0.917 

c 2 576.6m/s 


( b ) The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. Thus 

*01 =*i- 


At the inlet, 

P x =P 0 1 =5 MPa 
T x =r 01 =400°C 


h x =h ox =3196.7 kJ/kg 
= s 2s = 6.6483 kJ/kg • K 
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At state 2s, 


P 2s =3 MPa 

s 2 _ 9 = 6.6483 kJ/kg-K 


h 2s = 3057.0 kJ/kg 


The enthalpy of steam at the actual exit state is determined from 

3196.7 -h 2 


Pn = 


h 0 \ ~ h 2 

hi — hs 


->0.94 = 


3196.7-3057.0 


>h 2 =3065.4 kJ/kg 


Therefore, 


P 2 = 3 MPa 
h 2 =3065.4 kJ/kg 


v 2 = 0.08666 m 3 /kg 
s 2 = 6.6622 kJ/kg-K 


Then the exit velocity is determined from the steady-flow energy balance E in = E out with q-w- 0, 


h x +V { /2 = /? 2 +V 2 2 /2 


Vo -V{ 

-> 0 = /zo — H — — 1 


,710 


Solving for V 2 , 

V 2 = 2 (hi — h 2 ) = 


2(3196.7-3065.4) kJ/kg 


^lOOOm 2 ^ 2 N 

lkJ/kg 


= 512.4 m/s 


The mass flow rate is determined from 


m = — A 2 V 2 = 


1 




(60 x 10" 4 m 2 )(5 12.4 m/s) = 35.47 kg/s 


-2 0.08666 m /kg 

The velocity of sound at the exit of the nozzle is determined from 


c = 


^ 1/2 

\ d Pj 


A P 


\ 1/2 


A(l/i/) 


The specific volume of steam at s 2 = 6.6622 kJ/kg-K and at pressures just below and just above the specified pressure (2.5 
and 3.5 MPa) are determined to be 0.09981 and 0.07689 m 3 /kg. Substituting, 

Co = H t 1 ~ — I =578.7 m/s 




1 


1 


0.07689 0.09981 
Then the exit Mach number becomes 
V 2 5 12.4 m/s 


kg/m 


lkPa.nr 


Ma 2 = 


c 2 578.7 m/s 


= 0.885 
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17-117E Steam enters a converging nozzle with a low velocity. The exit velocity, mass flow rate, and exit Mach number are 
to be determined for isentropic and 90 percent efficient nozzle cases. 

Assumptions 1 Flow through the nozzle is steady and one-dimensional. 2 The nozzle is adiabatic. 

Analysis {a) The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is 
negligible. Thus h 0 1 -h\. 


At the inlet, 

P\ = P{)\ = 450psia 
T x = T 0X = 900°F 

At the exit, 

P 2 - 275 psia 


s 2s = 1.7117 Btu/lbm-R 


h x =h ox =1468.6 Btu/lbm 
s x = s 2s = 1.71 17 Btu/lbm- R 


© 


-► STEAM 


/i 2 = 1400.5 Btu/lbm 
t/ 2 =2.5732 ft 3 / lbm 



Then the exit velocity is determined from the steady-flow energy balance E- = E t with q = w = 0, 


h x +V x /l = h 2 +V 2 /2 


vi - v: 

-> 0 = I12 - h x -f 


,710 


Solving for V 2 , 

V 2 = P(h x — h 2 ) — 

Then, 

1 


1 


2(1468.6 - 1400.5) Btu/lbnJ 


r 25,037 ft 2 /s 2 ^ 
1 Btu/lbm 


= 1847 ft/s 


1 


m = — A 2 V 2 = , 

2.5732 ft 7 lbm 


(3.75 /144 ft 2 )(1847 ft/s) =18.71bm/s 


v 


The velocity of sound at the exit of the nozzle is determined from 


c - 


^ 1/2 

\ 0 pj 


A P 


\ 1/2 


A(l/c/) 


The specific volume of steam at s 2 = 1.7117 Btu/lbm-R and at pressures just below and just above the specified pressure 
(250 and 300 psia) are determined to be 2.7709 and 2.4048 ft 3 /lbm. Substituting, 


Co = 


1 


(300 - 250) psia 


1 


1 


lbm/ft 


r 25,037 ft 2 /s 2V 
1 Btu/lbm 


1 Btu 


5.4039ft 3 -psia 


= 2053 ft/s 


2.4048 2.7709 

/ 

Then the exit Mach number becomes 


A/f V 2 1847 ft/s 

Ma ? = — = 

c 2 2053 ft/s 


0.900 


( b ) The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. Thus 
hoi = hi. 


At the inlet, 


P x = P () 1 = 450 psia 1 h x 
T x =T ox =900°F j 


h ox = 1468.6 Btu/lbm 
s 2s = 1.71 17 Btu/lbm-R 
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17-75 


At state 2s, 


P 2s = 275 psia 


s 2s =1.7117 Btu/lbm- R 


h 2s = 1400.5 Btu/lbm 


The enthalpy of steam at the actual exit state is determined from 

1468.6 - h 2 


Pn = 


h 0\ ^2 
h o i _ h 2s 


-> 0.90 = 


Therefore, 


P 2 = 275 psia 
h 2 = 1407.3 Btu/lbm 


1468.6-1400.5 


</ 2 = 2.6034 ft 3 /lbm 
s 2 = 1.7173 Btu/lbm- R 


>h 2 =1407.3 Btu/lbm 


Then the exit velocity is determined from the steady-flow energy balance E m = E out with q = w = 0, 


y- _ y- 

h l +V{ L /2 = h 2 +V?/2 > 0 = 772 -/ 7 ! + ^ 1 

Solving for V 2 , 

V 2 = yj2(hi - h 2 ) = 


710 


i 


2(1468.6-1407.3) Btu/lbm 


r 25,037 ft 2 /s 2 ^ 
1 Btu/lbm 


= 1752 ft/s 


Then, 


1 


1 


m = — A 2 V 2 = , 

(/o 2.6034 ft 7 lbm 


(3.75/144 ft 2 )(1752 ft/s) =17.531bm/s 


The velocity of sound at the exit of the nozzle is determined from 


'cP' 1/2 


c = 


\ d Pj 


' A P ^ 1/2 


A(l/«/) 


The specific volume of steam at ^ 2 = 1.7173 Btu/lbm- R and at pressures just below and just above the specified pressure 
(250 and 300 psia) are determined to be 2.8036 and 2.4329 ft 3 /lbm. Substituting, 


c 2 = 




(300 - 250) psia 


1 


1 


lbm/ft 


r 25,037 ft 2 
1 Btu/lbm 


1 Btu 


5.4039ft 3 - psia 


= 2065 ft/s 


7 


2.4329 2.8036 

Then the exit Mach number becomes 


V 2 1752 ft/s no . n 

Ma ? = — = = 0.849 

c 2 2065 ft/s 
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17-76 


17-118 Steam enters a converging-diverging nozzle with a low velocity. The exit area and the exit Mach number are to be 
determined. 

Assumptions Flow through the nozzle is steady, one-dimensional, and isentropic. 

Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. 
Thus h 0 1 = h\. 


At the inlet, 


p x =p 01 =lMPa 


T x =T 0l = 500°C 


h x =h 0l = 3479.1 kJ/kg 
s x =s 2 ,= 7.7642 kJ/kg-K 


At the exit, 


P 2 = 0.2 MPa 

s 2 = 7.7642 kJ/kg-K 


h 2 = 3000.0 kJ/kg 
v 2 = 1.2325 m 3 /kg 


V 


-Uj-I 8 I I I I 8 i-J-i 

( T ) Steam ► 





rj N = 100% 


Then the exit velocity is determined from the steady-flow energy balance E- = E t with q = w = 0, 


h l +V l 2 /2 = h 1 +V 2 /2 


vi - v: 

-> 0 = /i2 - h x -f 


,710 


Solving for V 2 , 

V 2 — p(h { — h?) — 


i 


2(3479. 1-3000.0) kJ/kg 


'l000 m 2 /s 2 ^ 
lkJ/kg 


= 978.9 m/s 


The exit area is determined from 


Az - 


m«/ 2 (2.5 kg/s)(1.2325 m 3 /kg) 


Vy 


(978.9 m/s) 


= 31.5 xlO 4 m 2 = 31.5cm' 


The velocity of sound at the exit of the nozzle is determined from 


c = 


r cP_' 

\ d pj 


M2 s 


A P 


X 1/2 


A(1 / c/) 


The specific volume of steam at s 2 = 7.7642 kJ/kg-K and at pressures just below and just above the specified pressure (0.1 
and 0.3 MPa) are determined to be 2.0935 and 0.9024 m 3 /kg. Substituting, 

Co = h — t 1 — i = 563.2 m/s 


(300-100) kPa | 

"lOOO m 2 /s 2 ' 

f i i ) 

rft/tv, 3 

1 kPa • m 3 

{ 0.9024 2.0935 j 

| IYg/ 111 


Then the exit Mach number becomes 


Ma 2 


Vj= 978.9 m/s =L73g 
c 2 563.2 m/s 
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17-77 


17-119 Steam enters a converging-diverging nozzle with a low velocity. The exit area and the exit Mach number are to be 
determined. 

Assumptions Flow through the nozzle is steady and one-dimensional. 

Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. 
Thus h 0 1 = h\. 


At the inlet, 


p x =P 0l = 1 MPa h x = h 0l = 3479.1 kJ/kg 


7j = r 01 = 500°C s x = s 2s = 7.7642 kJ/kg • K 


P 7 =0.2 MPa 

At state 2s, >h 2 „ = 3000.0 kJ/kg 

s 2 = 7.7642 kJ/kg • K 

The enthalpy of steam at the actual exit state is determined from 


(T) Steam 


Vi*0 


r/ N = 90% 


*1n = 


K\ ^2 

^01 _ ^ 2.9 


0.90 = 


3479.1 - h 2 
3479.1-3000.0 


= 3047.9 kJ/kg 


Therefore, 


P 2 =0.2 MPa 1 «/ 2 = 1.2882 m 3 /kg 
h 2 = 3047.9 kJ/kg j s 2 = 7.7642 kJ/kg • K 


Then the exit velocity is determined from the steady-flow energy balance E m = E out with q = w = 0, 


1\+V{ /2 = /! 2 +y 2 2 /2 


0 = h 2 — h x + 


V^-V, 2 ' 


Solving for y 2 


V 2 =J2(h x -h 2 )=' 2(3479. 1-3047.9) kJ/kg =928.7 m/s 

V 1 kJ/kg 


1000 m 2 /s 2 


The exit area is determined from 


A 2 = - (2-5 kg/s)(l-2882 m /kg) = 34 _ ? x ^ m2 = 34 . 7cm2 

V 2 928.7 m/s 

The velocity of sound at the exit of the nozzle is determined from 


A(l/i/) 


The specific volume of steam at s 2 = 7.7642 kJ/kg-K and at pressures just below and just above the specified pressure (0.1 
and 0.3 MPa) are determined to be 2.1903 and 0.9425 m 3 /kg. Substituting, 


Co = 


(300-100) kPa 


0.9425 2.1903 


kg/m' 


1000 m 2 /s 2 
3 1 kPa • m 3 


= 575.2 m/s 


Then the exit Mach number becomes 


A/r V 2 928.7 m/s ^ 
Ma 2 = — = = 1.61 


c 2 575.2m/s 
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17-78 


Review Problems 


17-120 The thrust developed by the engine of a Boeing 111 is about 380 kN. The mass flow rate of gases through the nozzle 
is to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow of combustion gases through the nozzle is 
isentropic. 3 Choked flow conditions exist at the nozzle exit. 4 The velocity of gases at the nozzle inlet is negligible. 

Properties The gas constant of air is R = 0.287 kPa-m/kg-K, and it can also be used for combustion gases. The specific 
heat ratio of combustion gases is k = 1.33. 

Analysis The velocity at the nozzle exit is the sonic speed, which is determined to be 


V -c- XkRT = (1.33X0.287 kJ/kg • K) 


/ 1000m 2 /s 2 ^ 


1 kJ/kg 


(220 K) =289.8 m/s 


Noting that thrust F is related to velocity by F = mV , the mass flow rate of combustion gases is determined to be 


m = 


F 

V 


380,000 N ( lkg • m/s 2 ^ 

289.8 m/s IN 

V y 


= 1311 kg/s = 131 0kg/s 


Discussion The combustion gases are mostly nitrogen (due to the 78% of N 2 in air), and thus they can be treated as air 
with a good degree of approximation. 


17-121 A stationary temperature probe is inserted into an air duct reads 85 °C. The actual temperature of air is to be 
determined. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The stagnation process is isentropic. 


Properties The specific heat of air at room temperature is c p = 1.005 kJ/kg-K. 

Analysis The air that strikes the probe will be brought to a complete stop, and thus it will undergo a stagnation 

process. The thermometer will sense the temperature of this stagnated air, which is the stagnation temperature. The actual 
air temperature is determined from 


T = T 0 - 


XI 

~2c 


= 85°C - 


(190 m/s) 2 
2x1.005 kJ/kg-K 


1 kJ/kg 

U000m 2 /s 2 ; 


= 67.0°C 


Discussion Temperature rise due to stagnation is very significant in 
high-speed flows, and should always be considered when compressibility 
effects are not negligible. 



T 

( 

190 m/s 
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17-79 

17-122 Nitrogen flows through a heat exchanger. The stagnation pressure and temperature of the nitrogen at the inlet and 
the exit states are to be determined. 

Assumptions 1 Nitrogen is an ideal gas with constant specific heats. 2 Flow of nitrogen through the heat exchanger is 
isentropic. 

Properties The properties of nitrogen are c p = 1.039 kJ/kg-K and k = 1.4. 

Analysis The stagnation temperature and pressure of nitrogen at the inlet and the exit states are determined from 


T,x=T x 


?oi=Pi 


Ft 


2c 


= 10°C + 


(100 m/s)' 


f 


p 


2 x 1.039 kJ/kg -°C 


lkJ/kg 


U 000m 2 /s 2 ) 


= 14.8°C 


^ >,*/(*- 1) 

7 oi 


K t i J 


= (150 kP a) 


288. OK 


1 .4/(1 .4-1) 


= 159 kPa 


283. 2K^ 

From the energy balance relation E m - E out = A E system with w = 0 


150 kPa 
10°C 
100 m/s’ 


Qu 


i 


Nitrogen 


100 kPa 
-► 200 m/s 


<?,n =CAT 2 -T l ) + 




150 kJ/kg = (1 .039 kJ/kg • °C)(T 2 - 10°C) + 


(200 m/s) 2 -(100 m/s) 


1 kJ/kg 


1000m 2 Is 2 


T 2 = 139. 9°C 


and 


^02 “ ^2 




2c 


= 139.9°C 


(200 m/s) 


p 


2x1.039 kJ/kg .°C 


1 kJ/kg 


U000m 2 /s 2 ; 


= 159°C 




r T \ */(*-D 
7 02 


V T 2 J 


f 


- (100 kP a) 


v 


432.3 K^| 
413. lK y 


1. 4/(1 .4-1) 


= 117 kPa 


Discussion Note that the stagnation temperature and pressure can be very different than their thermodynamic 
counterparts when dealing with compressible flow. 
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17-123 The mass flow parameter jtiJrTq / (AP 0 ) versus the Mach number for k- 1.2, 1.4, and 1.6 in the range of 
0 < Ma < 1 is to be plotted. 

Analysis The mass flow rate parameter (m^RT 0 ) / P 0 A can be expressed as 


= Ma 4k{ T 

P 0 A [2 + (k-l)M 2 


(k+l)/2(k-l) 


Thus, 

Ma k = 1.2 k = 1.4 k = 1.6 

0.0 0 0 0 

0.1 0.1089 0.1176 0.1257 

0.2 0.2143 0.2311 0.2465 

0.3 0.3128 0.3365 0.3582 

0.4 0.4015 0.4306 0.4571 

0.5 0.4782 0.5111 0.5407 

0.6 0.5411 0.5763 0.6077 

0.7 0.5894 0.6257 0.6578 

0.8 0.6230 0.6595 0.6916 

0.9 0.6424 0.6787 0.7106 

1.0 0.6485 0.6847 0.7164 



Discussion Note that the mass flow rate increases with increasing Mach number and specific heat ratio. It levels off at 
Ma = 1, and remains constant (choked flow). 
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17-124 The equivalent relation for the speed of sound is to be verified using thermodynamic relations. 


Analysis 


The two relations are c 2 — 


f 

2 

( oP 

and c = k 

U 'p) 

s 

dp) 


From r = 1 / v 


-» dr = -dv/v 2 . Thus, c 2 = 


r dP^ 


\dr j 


r dP^ 


= -v 


\dv j 


= -v 


dp 

dT dv 


= -v 


y s 


\dr y 


\ & j 


From the cyclic rule, 


(P,T,s): 

(' T,v,s ): 
Substituting, 


2 2 
c = — v 


\dr j 
f dT^ 


r dp 

\ & j 


r ds^ 
p v dP j 


= -l 


T 


r dv^ 


K dv j 


' cp 
\dr Jp 


\ ds JT 


r dP 


y dTj 


= -l 


V 




ds 




^ ds^ 

\dv jj 


r dr^ 
\ds j 


= -v 


' cP' 


2 ds 


ydT , 

s 

~K~dr, 

/ p v d> )' 

^ 

Vt© 


ds ^ 

f 

7 

U v , 

s 

J*, 

T\ 

2 ( & 

) ( 

dr) 1 

r cP\ 



T 


f dT \ 


ds 


v J 


„ , c 



c v 


Recall that — = 

and 

V 

T 

k cT j 

p 

T ~ 



\dr Jp 

. Substituting, 


ds 


dv 


\uv j T 


r ~ \ 


2 2 
C = -V 


c 


p 


r 

V 1 J 


r j \ 


\ C v J 


r dp^ 
\dvj 


= -v z k 


T 


r dP^ 
\dvj 


T 



, which is the desired expression 


2 

Replacing —dv/v by dp, we get 


Discussion Note that the differential thermodynamic property relations are very useful in the derivation of other 
property relations in differential form. 


17-125 For ideal gases undergoing isentropic flows, expressions for P/P*, T/T*, and p/p* as functions of k and Ma are to be 
obtained. 


Analysis 


Equations 12-18 and 12-21 are given to be 


T 0 2 + (& -l)Ma 


T 


Multiplying the two, 

Simplifying and inverting, 

P 



2 + (fc — l)Ma 2 V 2 ^ 


\k + lj 


From 


From 


f j \k/(k- 1 ) 


p * 

P 


P 


* 


\T* j 


P_ 

KP*) 


P 

r jfc+i 2 

k/(k- 1) 

p ^ 

^ 2 + (£ - l)Ma 2 y 

P _ 

f k + l ' 

k/(k- 1) 

p * 

p + (£-l)Ma 2 v 


and 


T 


T 0 k + l 


Discussion Note that some very useful relations can be obtained by very simple manipulations. 


(1) 

(2) 

( 3 ) 
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17-82 

17-126 It is to be verified that for the steady flow of ideal gases dTJT = dA/A + (1-Ma 2 ) dV/V. The effect of heating and 
area changes on the velocity of an ideal gas in steady flow for subsonic flow and supersonic flow are to be explained. 

2 


Analysis We start with the relation 
Differentiating, 

We also have 


V 


= c p (T 0 ~T ) 


VdV = Cp (dT 0 -dT) 
dp dA dV 


= 0 


and 


P 

dP 


A V 
VdV =0 


P 


Differentiating the ideal gas relation P = pRT, 


dP dp dT 
— = — + — 

P p T 


= 0 


2 

From the speed of sound relation, c = kRT = (k — \)c p T = kP / p 

dP dT dA dV 


Combining Eqs. (3) and (5), 
Combining Eqs. (4) and (6), 


P 

dP 


T A 
dP 


= 0 


or, 


p kP / c 
dP k 


V 

= -VdV 


P 


C 


VdV = -k 


V 2 dV 


= -AMa 


dV 

V 


dT = dT () -V 


Combining Eqs. (2) and (6), 

dT dT ' V 2 dV dT dT 


dV 


c 


p 


V 


or, 


T 


T 


C p T V 


T T C 2 /(k- 1) V T 


dV 


Combining Eqs. (7), (8), and (9), -(k- l)Ma 


2 dV dT 0 1XA/r _2 dV dA dV 


V 


T 


(k- l)Ma 


or, 


Thus, 


dT n dA 


T 


A 


+ [-AMa 2 + (£-l)Ma 2 +1 


V A V 
dV 


= 0 


V 



Differentiating the steady-flow energy equation q = h il2 —h oi = c p (T 02 — T 0l ) 


( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 

(7) 


( 8 ) 


(9) 


( 10 ) 


5q=c p dT Q (11) 

Eq. (11) relates the stagnation temperature change dT 0 to the net heat transferred to the fluid. Eq. (10) relates the velocity 
changes to area changes dA , and the stagnation temperature change dT Q or the heat transferred. 

(a) When Ma < 1 (subsonic flow), the fluid accelerates if the duct converges (dA < 0) or the fluid is heated (dT 0 > 0 or 
bq > 0). The fluid decelerates if the duct converges (dA < 0) or the fluid is cooled (dT 0 < 0 or 5q < 0). 

(b) When Ma > 1 (supersonic flow), the fluid accelerates if the duct diverges (dA > 0) or the fluid is cooled (dT 0 < 0 or 
8q <0). The fluid decelerates if the duct converges (dA < 0) or the fluid is heated (dT 0 > 0 or 8q > 0). 

Discussion Some of these results are not intuitively obvious, but come about by satisfying the conservation equations. 
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17-127 A Pitot-static probe measures the difference between the static and stagnation pressures for a subsonic airplane. The 
speed of the airplane and the flight Mach number are to be determined. 

Assumptions 1 Air is an ideal gas with a constant specific heat ratio. 2 The stagnation process is isentropic. 

Properties The properties of air are R = 0.287 kJ/kg-K and k= 1.4. 

Analysis The stagnation pressure of air at the specified conditions is 

P 0 = P + AP = 54 + 16 = 70 kPa 

Then, 


P 0 L (k — l)Ma" 70 

P I 2 ) 54 



(1.4 — l)Ma 2 
2 


1.4/ 0.4 


It yields 

Ma = 0.620 

The speed of sound in air at the specified conditions is 

c = JkRT= (1.4X0.287 kJ/kg • K)(256 K) 1000 m /s =320.7 m/s 

V t 1 kJ/kg J 

Thus, 

V = Ma x c = (0.620)(320.7 m/s) = 1 99 m/s 

Discussion Note that the flow velocity can be measured in a simple and accurate way by simply measuring pressure. 
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Discussion Note that the ideal gas relation is the simplest equation of state, and it is very accurate for most gases 
encountered in practice. At high pressures and/or low temperatures, however, the gases deviate from ideal gas behavior, and 
it becomes necessary to use more complicated equations of state. 
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17-129 Helium gas is accelerated in a nozzle. The pressure and temperature of helium at the location where Ma = 1 and the 
ratio of the flow area at this location to the inlet flow area are to be determined. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isen tropic. 

Properties The properties of helium are R = 2.0769 kJ/kg-K, c p = 5.1926 kJ/kg-K, and k = 1.667. 

Analysis The properties of the fluid at the location where Ma = 1 are the critical properties, denoted by superscript *. 

We first determine the stagnation temperature and pressure, which remain constant throughout the nozzle since the flow is 
isentropic. 


T q =T l +— — = 560K + 


(120 m/s) 2 ( lkJ/kg 


2c 


P 


2x5.1926 kJ/kg-K 


U000m 2 /s 2 ; 


= 561.4 K 


and 


Po=?i 


r ^k/(k- 1 ) 

fo 

T 

v 1 * j 


= (0.6 MPa) 


561.4K 
v 560 K j 


1.667/(1.667-1) 


= 0.6037 MPa 



The Mach number at the nozzle exit is given to be Ma = 1. Therefore, the properties at the nozzle exit are the critical 
properties determined from 


T* = T, 


k + 1 


P* = P, 


k + 1 


= (561.4 K) 

k/(k-i) 


\ 


1.667 + 1 


= 421.0K = 421K 

1.667/(1.667-1) 


1.667 + 1 


= (0.6037 MPa) 

The speed of sound and the Mach number at the nozzle inlet are 
C: = yjkRT i = 


= 0.2941 MPa = 0.294MPa 




(1.667X2.0769 kJ/kg • K)(560 K) 


r 1000 m 2 /s 2 ^ 


1 kJ/kg 


= 1392 m/s 


Ma,. = 


Yi 

Ci 


120 m/s 
1392 m/s 


0.08618 


The ratio of the entrance -to- throat area is 


A: 


1 


A* Ma/ 

1 


r 


\ 


yk + 1 j 

r 


1 + 


k - 1 


\ 


n(A:+l)/[2(A:-l)] 


Maf 


0.08618 


V 


1.667 + 1 


1+ L667-1 : 2 


-|2.667/(2x0.667) 


= 8.745 

Then the ratio of the throat area to the entrance area becomes 


A 


1 


A,- 8.745 


= 0.1144 = 0.114 


Discussion The compressible flow functions are essential tools when determining the proper shape of the compressible 
flow duct. 
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17-130 Helium gas enters a nozzle with negligible velocity, and is accelerated in a nozzle. The pressure and temperature of 
helium at the location where Ma = 1 and the ratio of the flow area at this location to the inlet flow area are to be determined. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isentropic. 3 The entrance velocity is negligible. 


Properties The properties of helium are R = 2.0769 kJ/kg-K, c p = 5.1926 kJ/kg-K, and k = 1.667. 

Analysis We treat helium as an ideal gas with k = 1.667. The properties of the fluid at the location where Ma = 1 are 

the critical properties, denoted by superscript *. 


The stagnation temperature and pressure in this case are identical to the inlet temperature and pressure since the 
inlet velocity is negligible. They remain constant throughout the nozzle since the flow is isentropic. 

T 0 = Ti = 560 K 


P 0 = Pi = 0.6 MPa 

The Mach number at the nozzle exit is given to be Ma = 1. Therefore, the 
properties at the nozzle exit are the critical properties determined from 


r*=r, 


\ 


r 


P* = P, 


k + 1 

2 

k + 1 


= (560 K) 

k/(k-l) 


\ 


1.667 + 1 

r 


420 K 


= (0.6 MPa) 


\ 


v 


1.667 + 1 


1.667/(1.667-1) 


= 0.292MPa 


The ratio of the nozzle inlet area to the throat area is determined from 


A; 


1 


A Ma 


k — l 


\ 


-|(*+l)/[2(*-l)] 


k + 1 


Maf 



But the Mach number at the nozzle inlet is Ma = 0 since V\ = 0. Thus the ratio of the throat area to the nozzle inlet area is 


A* 

T 



00 


Discussion The compressible flow functions are essential tools when determining the proper shape of the compressible 
flow duct. 
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17-131 Air enters a converging nozzle. The mass flow rate, the exit velocity, the exit Mach number, and the exit 

pressure-stagnation pressure ratio versus the back pressure -stagnation pressure ratio for a specified back pressure range are 
to be calculated and plotted. 

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 

Properties The properties of air at room temperature are R = 0.287 kJ/kg-K, c p = 1.005 kJ/kg-K, and k = 1.4. 

Analysis We use EES to tabulate and plot the results. The stagnation properties remain constant throughout the nozzle 
since the flow is isentropic. They are determined from 


T 0 =T i 


Po=P l 


V; 


2 c 


= 400 K 


(180 m/s) 


p 


2x1.005 kJ/kg-K 


lkJ/kg 


U000m 2 /s 2 ; 


= 416. IK 


frp \ 

T 

\ i y 


k/(k-\) 


= (900 kPa) 


A 416. 1K^ L4/(L4_1) 


400 K 


= 1033.3 kPa 


The critical pressure is determined to be 

/ o \k/(k— 1) 


P* = P, 


0 


k + 1 


= (1033.3 kPa 


{■ 


1.4/ 0.4 


= 545.9 kPa 


U.4 + 1 

Then the pressure at the exit plane (throat) is 

P e = P b for P b > 545.9 kPa 

P e = P* = 545.9 kPa for P b < 545.9 kPa (choked flow) 

Thus the back pressure does not affect the flow when 100 < P b < 545.9 kPa. 
For a specified exit pressure P e , the temperature, velocity, and mass flow 
rate are 


Temperature 


T e =T 0 


r p \{k-i)/k 


K p o J 


= (41 6. IK) 


1033.3 


\ 0.4/ 1.4 


Velocity V = j2c p (T 0 -T e ) = 2(1.005 kJ/kg- K)(416. 1 -T e ) 


A 1000m 2 /s 2 ^ 
1 kJ/kg 


© 

180 m/s 



© 




Speed of sound c = V kRT e = 


(1.4)(0.287 kJ/kg-K) 


A 1000 m 2 / s 2 


1 kJ/kg 


Mach number 
Density 


Ma e =V e lc e 

P P 

e e 

f c RT e (0.287 kPa-m 3 / kg K)T e 


Mass flow rate m = p e V e A e = p e V e (0.001 m 2 ) 



P b 

kPa 


Pb, kPa 

Pfo Po 

Po kPa 

Pb> Po 

T„ K 

V e9 m/s 

Ma 

Pe, kg/m 3 

m, kg/ 

900 

0.871 

900 

0.871 

400.0 

180.0 

0.45 

7.840 

0 

800 

0.774 

800 

0.774 

386.8 

162.9 

0.41 

7.206 

1.174 

700 

0.677 

700 

0.677 

372.3 

236.0 

0.61 

6.551 

1.546 

600 

0.581 

600 

0.581 

356.2 

296.7 

0.78 

5.869 

1.741 

545.9 

0.528 

545.9 

0.528 

333.3 

366.2 

1.00 

4.971 

1.820 

500 

0.484 

545.9 

0.528 

333.2 

366.2 

1.00 

4.971 

1.820 

400 

0.387 

545.9 

0.528 

333.3 

366.2 

1.00 

4.971 

1.820 

300 

0.290 

545.9 

0.528 

333.3 

366.2 

1.00 

4.971 

1.820 

200 

0.194 

545.9 

0.528 

333.3 

366.2 

1.00 

4.971 

1.820 

100 

0.097 

545.9 

0.528 

333.3 

366.2 

1.00 

4.971 

1.820 


Discussion Once the back pressure drops below 545.0 kPa, the flow is choked, and m remains constant from then on. 
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17-132 Nitrogen gas enters a converging nozzle. The properties at the nozzle exit are to be determined. 

Assumptions 1 Nitrogen is an ideal gas with k = 1.4. 2 Flow through the nozzle is steady, one-dimensional, and isentropic. 

Analysis The schematic of the duct is shown in Fig. 12-25. For isentropic flow through a duct, the area ratio A/A * 

(the flow area over the area of the throat where Ma = 1) is also listed in Table A-32. At the initial Mach number of Ma = 
0.3, we read 


4 - = 2.0351, 


i - = 0.9823, and 


= 0.9395 


With a 20 percent reduction in flow area, A 2 = 0.8Aj, and 

A = — — f = (0.8X2.0351) = 1.6281 
A Aj A 

For this value of A 2 /A* from Table A-32, we read 


= 0.9791, 


= 0.8993, and Ma 2 =0.391 


Here we chose the subsonic Mach number for the calculated A 2 /A* instead of the supersonic one because the duct is 
converging in the flow direction and the initial flow is subsonic. Since the stagnation properties are constant for isentropic 
flow, we can write 


T 2 _ t 2 /t q 
T, T,/T 0 


T 2 = t i 


T\ /T 0 


T 7 /T n ) ( 0.9791 

5- = (400 K) 


0.9823 


= 399 K 


P 2 . P 2 /P 0 
Pi Pi / Pq 


P 2 =Pi 


P 2 'P/ 

Pi'P 0/ 


= (100 kPa) 


0.8993 N 
0.9395 , 


95.7K 


which are the temperature and pressure at the desired location. 

Discussion Note that the temperature and pressure drop as the fluid accelerates in a converging nozzle. 
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17-133 Nitrogen gas enters a converging nozzle. The properties at the nozzle exit are to be determined. 

Assumptions 1 Nitrogen is an ideal gas with k = 1.4. 2 Flow through the nozzle is steady, one-dimensional, and isentropic. 

Analysis The schematic of the duct is shown in Fig. 12-25. For isentropic flow through a duct, the area ratio A/A * 

(the flow area over the area of the throat where Ma = 1) is also listed in Table A-32. At the initial Mach number of Ma = 
0.5, we read 

— = 1.3398, — = 0.9524, and ^=0.8430 

A T q P 0 

With a 20 percent reduction in flow area, A 2 = O.8A1, and 

A = A A. = (0.8X1.3398) = 1.0718 
A A l A 

For this value of A 2 /A* from Table A-32, we read 

— =0.9010, A = 0.6948, and Ma, =0.740 

To Po 

Here we chose the subsonic Mach number for the calculated A 2 /A* instead of the supersonic one because the duct is 
converging in the flow direction and the initial flow is subsonic. Since the stagnation properties are constant for isentropic 
flow, we can write 


T 2 . t 2 /t q 
T\ T\ /T 0 


T 2 =T l 


T 2 IT. q N 

T, / T’o , 


= (400 K) 


0.9010" 

0.9524, 


= 378K 


P 2 _ P 2 ! Pq 
Pi ~ Pi/ P 0 



Pi'Pq ' 

PJPo, 


= (100 kP a) 


0.6948" 

0.8430, 


82.4K 


which are the temperature and pressure at the desired location. 

Discussion Note that the temperature and pressure drop as the fluid accelerates in a converging nozzle. 
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17-134 Nitrogen entering a converging-diverging nozzle experiences a normal shock. The pressure, temperature, velocity, 
Mach number, and stagnation pressure downstream of the shock are to be determined. The results are to be compared to 
those of air under the same conditions. 


Assumptions 1 Nitrogen is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic. 3 The nozzle is adiabatic. 


Properties The properties of nitrogen are R = 0.297 kJ/kg-K and k = 1.4. 


Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is 
negligible. Assuming the flow before the shock to be isentropic, 


P 01 =p. =620kPa 
r 01 = 7) = 310K 


Then, 


Ti=T 0l 


2 + (k -l)Maf 


N f 

= (310K)' 

v 


2 + (1.4- 1)3 


= 110.7 K 


and 


shock 


V 

a)>, /^wave 

L 1 i i i 1 1 i i \ r 

© N = 
/ _ A 

— * ® © 


nTmTT n Trrt i 

Ma! = 3.0 


^ 1=^01 


r, 


\ 


V r 0l J 


k/(k- 1) 


= (620 kPa) 


110.7 

310 


\ 1 . 4 / 0.4 


= 16.88 kPa 


The fluid properties after the shock (denoted by subscript 2) are related to those before the shock through the functions 
listed in Table A-33. For Maj = 3.0 we read 


Ma, = 0.4752 s 0.475, ^- = 0.32834, ^ = 10.333, and -?- = 2.679 

P P T 

i 01 l \ 1 \ 


Then the stagnation pressure P 02 , static pressure P 2 , and static temperature P 2 , are determined to be 

P 02 = 0.32834P 01 = (0.32834)(620 kPa) = 203.6 kPa = 204kPa 
P 2 = 10.333^ = (10.333X16.88 kPa) = 174.4 kPa = 174 kPa 
T 2 =2.679^ =(2.679X1 10.7 K) = 296.6 K = 297 K 


The velocity after the shock can be determined from V 2 = Ma 2 c 2 , where c 2 is the speed of sound at the exit conditions after 
the shock, 


V 2 = Ma 2 c 2 = Ma 2y /kRT 2 = (0.4752) 


1 


(1.4X0.297 kJ/kg • K)(296.6 K) 


' 1000 m 2 /s 2 ^ 


1 kJ/kg 


= 166.9 m/s = 167 m/s 


Discussion For air at specified conditions k = 1.4 (same as nitrogen) and R = 0.287 kJ/kg-K. Thus the only quantity 
which will be different in the case of air is the velocity after the normal shock, which happens to be 164.0 m/s. 
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17-135 The diffuser of an aircraft is considered. The static pressure rise across the diffuser and the exit area are to be 
determined. 

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the diffuser is steady, 
one-dimensional, and isentropic. 3 The diffuser is adiabatic. 

Properties Air properties at room temperature are R = 0.287 kJ/kg-K, c p = 1.005 kJ/kg-K, and k = 1.4. 

Analysis The inlet velocity is 


V { =Ma 1 c 1 = M Xy jkRT x =(0.9) 


(1.4)(0.287 kJ/kg • K)(242.7 K) 


^1000 m 2 /s 2 ^ 

lkJ/kg 


= 281.0 m/s 


Then the stagnation temperature and pressure at the diffuser inlet become 


r 01 =r 1+ T 1 = 2 42.7 + (28L0m/s) 


2 f 


Poi=Pi 


2 c 


p 


\ 


01 


T, 


\ T \ J 


k/(k- 1) 


2(1.005 kJ/kg-K) 
r 282.0 K 


1 kJ/kg 


U000m 2 /s 2 ; 


= 282.0 K 


= (41.1kPa) 


\ 1 . 47 ( 1 . 4 - 1 ) 


242.7 K 


= 69.50 kPa 



For an adiabatic diffuser, the energy equation reduces to h QX = h Q2 . Noting that h = c p T and the specific heats are assumed to 
be constant, we have 

T 0 i =T 02 =T 0 = 282.0 K 

The isentropic relation between states 1 and 02 gives 


P02 ~ ^02 ~ 


r ^k/(k- 1) 
1 02 


K T 1 J 


- (41.1kPa) 


^ 282.0 1-4 /(1 ' 4_1) 


242.7 K 


= 69.50 kPa 


The exit velocity can be expressed as 

V 2 = Ma 2 c 2 = Ma 2 JkRTi = (0.3) 


(1.4X0.287 kJ/kg-K)^ 


^ 1000 m 2 /s 2 ^ 


2/2 


V 7 6.01 To m /s 

Thus T 2 = T 02 - = (282.0) - 2 


2c 


p 


2(1.005 kJ/kg-K) 


1 kJ/kg 


U000m 2 /s 2 7 


1 kJ/kg 


= 277.0 K 


= 6.01 


Then the static exit pressure becomes 


^2 ~ ^02 


r rj, \ 

L o 


\ T 02J 


k!{k-\) 


= (69.50 kPa) 


277. OK 


282.0K 

Thus the static pressure rise across the diffuser is 
A P = P 2 -P X = 65.28 - 41 . 1 = 24.2kPa 


1 . 4 /( 1 . 4 - 1 ) 


= 65.28 kPa 


Also, p 2 = 


A 


65.28 kPa 


RT 2 (0.287 kPa • m 3 /kg • K)(277.0 K) 
V 2 =6.01 yIP = 6.0iV277.0 =100.0 m/s 


= 0.8211 kg/m- 


Thus A 2 = 


m 


38 kg/s 


p 2 V 2 (0.821 1 kg/m 3 X100.0 m/s) 


= 0.463m 


Discussion The pressure rise in actual diffusers will be lower because of the irreversibilities. However, flow through 
well-designed diffusers is very nearly isentropic. 
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17-136 The critical temperature, pressure, and density of an equimolar mixture of oxygen and nitrogen for specified 
stagnation properties are to be determined. 

Assumptions Both oxygen and nitrogen are ideal gases with constant specific heats at room temperature. 

Properties The specific heat ratio and molar mass are k = 1.395 and M— 32 kg/kmol for oxygen, and k = 1.4 and M = 
28 kg/kmol for nitrogen. 

Analysis The gas constant of the mixture is 

M m ~ y o 2 M o 2 +yN 2 M N 2 =0.5x32 + 0.5x28 = 30 kg/kmol 


R u 

R „ = 11 


m 


M 


m 


8.314 kJ/kmol-K 
30 kg/kmol 


= 0.2771 kJ/kg-K 


The specific heat ratio is 1.4 for nitrogen, and nearly 1.4 for oxygen. Therefore, the specific heat ratio of the mixture is also 
1.4. Then the critical temperature, pressure, and density of the mixture become 




k + \ 


f 


r 


P* = P, 


p* = 


v 

P * 


k + 1 


= (550 K) 

k/(k- 1) 


1.4 + 1 


= 458.3 K = 458K 


= (350 kPa) 




1.4 + 1 


1.47(1.4-1) 


= 184.9 kPa=185kPa 


184.9 kPa 


RT* (0.2771 kPa-m 3 /kg-K)(458.3K) 


= 1.46kg/m 


Discussion If the specific heat ratios k of the two gases were different, then we would need to determine the k of the 
mixture from k = c Pt Jc v>m where the specific heats of the mixture are determined from 

C p,m =™£o 1 c p,0 2 +™£n 2 c p,N 2 =(yo 2 M 0 2 1 M m)Cp,0 2 + O N 2 M N 2 1 M m)C p,N 2 

Cy,m =mf 0 2 c v,0 2 +mf N 2 c v,N 2 =^0 2 M 0 2 ' M ,n)Cy,0 2 + ^N 2 M N 2 ' M m) c V ,N 2 

where mf is the mass fraction and y is the mole fraction. In this case it would give 
c pm = (0.5 x 32/30) x 0.918 + (0.5 x 28/30) x 1.039 = 0.974 kJ/kg.K 

c pm = (0.5 x 32 / 30) x 0.658 + (0.5 x 28 / 30) x 0.743 = 0.698 kJ/kg.K 

and 

k = 0.974/0.698 = 1.40 
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17-137E Helium gas is accelerated in a nozzle. For a specified mass flow rate, the throat and exit areas of the nozzle are to 
be determined for the case of isentropic nozzle. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isentropic. 3 The nozzle is adiabatic. 

Properties The properties of helium are R = 0.4961 Btu/lbmR = 2.6809 psiaftVlbmR, c p = 1.25 Btu/lbmR, and k = 
1.667. 

Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is 
negligible, 


T ox =T X = 740 R 
P () \ = P\ = 220 psia 

The flow is assumed to be isentropic, thus the stagnation temperature 
and pressure remain constant throughout the nozzle, 

7o2=7oi=740R 
/ 02 = /J o i =220 psia 

The critical pressure and temperature are determined from 


v 



1 

Fi-0 


H- Uj 

He ( * 






f o \ 


T* = T, 


f 


P* = P< 


yk + 1 j 
2 


= (740 R) 


1.667 + 1 


/ ~ \k/(k- 1) 


k + 1 


( 


= 554.9 R 

_ X 1.667/(1.667-1) 


= (220 psia) 


p* = 


Vac tiy 

p * 


1.667 + 1 


= 107.2 psia 


107.2 psia 


RT * (2.6809 psia • ft 3 /lbm • R)(554.9 R) 


= 0.07203 lbm/ft 


y* _ _ Jfcftp * = 


and 


A* = 


m 


(1.667)(0.4961 Btu/lbm- R)(554.9 R) 
0.2 lbm/s 


r 25,037ft 2 /s 2 ^ 
1 Btu/lbm 


= 3390 ft/s 


p*V* (0.07203 lbm/ft 3 )(3390 ft/s) 


= 8.19x10' 4 ft 2 


At the nozzle exit the pressure is P 2 = 15 psia. Then the other properties at the nozzle exit are determined to be 


Po_ 

Pi 


A l) 220 psia . 1.667 -1 2 V- 667/0 - 667 


1 + 


Ma 


7 


15 psia 


1 + 


Ma 


7 


It yields Ma 2 = 2.405, which is greater than 1. Therefore, the nozzle must be converging -diverging. 

f - \ r _ \ 




2 + (k -l)Ma2 


Pn 


Pi = 


= (740 R) 
15 psia 


2 + (1.667 -l)x 2.405 


= 252.6 R 


RT 2 (2.6809 psia • ft 3 /lbm • R)(252.6R) 


= 0.02215 lbm/ft 


V 2 =Ma 2 c 2 =Ma 2y jkRT 2 =(2.405) 


(1.667)(0.4961 Btu/lbm- R)(252.6R) 


A 25,037 ft 2 / s 2 ^ 

1 Btu/lbm 


= 5500 ft/s 


Thus the exit area is 
m 

A 2 = 


0.2 lbm/s 


= 0. 00164ft 


p 2 V 2 (0.02215 lbm/ft 3 )(5500fi/s) 

Discussion Flow areas in actual nozzles would be somewhat larger to accommodate the irreversibilities. 
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17-138 ^ Using the compressible flow relations, the one-dimensional compressible flow functions are to be evaluated 

and tabulated as in Table A-32 for an ideal gas with k = 1.667. 

Properties The specific heat ratio of the ideal gas is given to be k = 1.667. 

Analysis The compressible flow functions listed below are expressed in EES and the results are tabulated. 

0.5(Jfc+l)/(*-l) 


Ma =Ma 


k + 1 


A 


1 


P 

Pn 


T 


2 + (k-l)Ma 

\ -k/(k—l) 


1 + - — -Ma 2 


A* Ma 
P 


k + 1 


1 


1 + — Ma 2 


y 

V 1 

y 


P 0 


1 + — Ma 2 


k - 1 
2 

m- 1 ) 

y 


Ma 


k=1 .667 

PP0=(1 +(k-1 )*M A 2/2) A (-k/(k-1 )) 

TT0=1/(1 +(k-1 )*M A 2/2) 

DD0=(1 +(k-1 )*M A 2/2) A (-1/(k-1 )) 

Mcr=M*SQRT ((k+1 )/(2+(k-1 )*M A 2)) 

AAcr=((2/(k+1 ))*(1 +0.5*(k-1 )*M A 2)) A (0.5*(k+1 )/(k-1 ))/M 


Ma 

Ma* 

A/A* 

P/Po 

plpo 

T/T 0 

0.0 

0 

00 

1.0000 

1.0000 

1.0000 

0.1 

0.1153 

5.6624 

0.9917 

0.9950 

0.9967 

0.2 

0.2294 

2.8879 

0.9674 

0.9803 

0.9868 

0.3 

0.3413 

1.9891 

0.9288 

0.9566 

0.9709 

0.4 

0.4501 

1.5602 

0.8782 

0.9250 

0.9493 

0.5 

0.5547 

1.3203 

0.8186 

0.8869 

0.9230 

0.6 

0.6547 

1.1760 

0.7532 

0.8437 

0.8928 

0.7 

0.7494 

1.0875 

0.6850 

0.7970 

0.8595 

0.8 

0.8386 

1.0351 

0.6166 

0.7482 

0.8241 

0.9 

0.9222 

1.0081 

0.5501 

0.6987 

0.7873 

1.0 

1.0000 

1.0000 

0.4871 

0.6495 

0.7499 

1.2 

1.1390 

1.0267 

0.3752 

0.5554 

0.6756 

1.4 

1.2572 

1.0983 

0.2845 

0.4704 

0.6047 

1.6 

1.3570 

1.2075 

0.2138 

0.3964 

0.5394 

1.8 

1.4411 

1.3519 

0.1603 

0.3334 

0.4806 

2.0 

1.5117 

1.5311 

0.1202 

0.2806 

0.4284 

2.2 

1.5713 

1.7459 

0.0906 

0.2368 

0.3825 

2.4 

1.6216 

1.9980 

0.0686 

0.2005 

0.3424 

2.6 

1.6643 

2.2893 

0.0524 

0.1705 

0.3073 

2.8 

1.7007 

2.6222 

0.0403 

0.1457 

0.2767 

3.0 

1.7318 

2.9990 

0.0313 

0.1251 

0.2499 

5.0 

1.8895 

9.7920 

0.0038 

0.0351 

0.1071 

oc 

1.9996 

GO 

0 

0 

0 


Discussion The tabulated values are useful for quick calculations, but be careful - they apply only to one specific value 
of k, in this case k = 1.667. 
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17-139 Using the normal shock relations, the normal shock functions are to be evaluated and tabulated as in Table 

A-33 for an ideal gas with k = 1.667. 

Properties The specific heat ratio of the ideal gas is given to be k = 1.667. 

Analysis The normal shock relations listed below are expressed in EES and the results are tabulated. 




T 2 _ 2 + Ma^ (k - 1) 
T x 2 + Ma;0t-l) 


p 2 P 2 /Pi (k + l)Maf V l 


Pi T 2 /T , 2 + (*-l)Ma? V 2 


k+l 


P 02 Ma, 1 + Ma 2 (k-V)/2 2 (*-i) 


(1 + kMa \ )[1 + Ma \ (k - 1) / 2 ] k /<k ~ l> 
1+kMal 


P 0l Ma 2 l + Mai(Jt-l)/2 


k=1 .667 

My=SQRT((Mx A 2+2/(k-1 ))/(2*Mx A 2*k/(k-1 )-1 )) 

PyPx=(1 +k*Mx A 2)/(1 +k*My A 2) 

TyTx=(1 +Mx A 2*(k-1 )/2)/(1 +My A 2*(k-1 )/2) 

RyRx=PyPx/TyTx 

P0yP0x=(Mx/My)*((1 +My A 2*(k-1 )/2)/(1 +Mx A 2*(k-1 )/2)) A (0.5*(k+1 )/(k-1 )) 
P0yPx=(1 +k*Mx A 2)*(1 +My A 2*(k-1 )/2) A (k/(k-1 ))/(1 +k*My A 2) 


Maj 

Ma 2 

p 2 /p i 

Pl/Pl 

T 2 ITi 

Pqi/Pqi 

P ()2 IP 1 

1.0 

1.0000 

1.0000 

1.0000 

1.0000 

1 

2.0530 

1.1 

0.9131 

1.2625 

1.1496 

1.0982 

0.999 

2.3308 

1.2 

0.8462 

1.5500 

1.2972 

1.1949 

0.9933 

2.6473 

1.3 

0.7934 

1.8626 

1.4413 

1.2923 

0.9813 

2.9990 

1.4 

0.7508 

2.2001 

1.5805 

1.3920 

0.9626 

3.3838 

1.5 

0.7157 

2.5626 

1.7141 

1.4950 

0.938 

3.8007 

1.6 

0.6864 

2.9501 

1.8415 

1.6020 

0.9085 

4.2488 

1.7 

0.6618 

3.3627 

1.9624 

1.7135 

0.8752 

4.7278 

1.8 

0.6407 

3.8002 

2.0766 

1.8300 

0.8392 

5.2371 

1.9 

0.6227 

4.2627 

2.1842 

1.9516 

0.8016 

5.7767 

2.0 

0.6070 

4.7503 

2.2853 

2.0786 

0.763 

6.3462 

2.1 

0.5933 

5.2628 

2.3802 

2.2111 

0.7243 

6.9457 

2.2 

0.5814 

5.8004 

2.4689 

2.3493 

0.6861 

7.5749 

2.3 

0.5708 

6.3629 

2.5520 

2.4933 

0.6486 

8.2339 

2.4 

0.5614 

6.9504 

2.6296 

2.6432 

0.6124 

8.9225 

2.5 

0.5530 

7.5630 

2.7021 

2.7989 

0.5775 

9.6407 

2.6 

0.5455 

8.2005 

2.7699 

2.9606 

0.5442 

10.3885 

2.7 

0.5388 

8.8631 

2.8332 

3.1283 

0.5125 

11.1659 

2.8 

0.5327 

9.5506 

2.8923 

3.3021 

0.4824 

11.9728 

2.9 

0.5273 

10.2632 

2.9476 

3.4819 

0.4541 

12.8091 

3.0 

0.5223 

11.0007 

2.9993 

3.6678 

0.4274 

13.6750 

4.0 

0.4905 

19.7514 

3.3674 

5.8654 

0.2374 

23.9530 

5.0 

0.4753 

31.0022 

3.5703 

8.6834 

0.1398 

37.1723 

00 

0.4473 

00 

3.9985 

00 

0 

00 


Discussion The tabulated values are useful for quick calculations, but be careful - they apply only to one specific value 
of k, in this case k = 1.667. 
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17-140 Helium gas is accelerated in a nozzle isentropically. For a specified mass flow rate, the throat and exit areas of the 
nozzle are to be determined. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isen tropic. 3 The nozzle is adiabatic. 

Properties The properties of helium are R = 2.0769 kJ/kg.K, c p = 5.1926 kJ/kg.K, and k = 1.667. 

Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is 

negligible, 

r 01 =T X = 500 K 


P 01 =P l= 1.0 MPa 

The flow is assumed to be isentropic, thus the stagnation temperature 
and pressure remain constant throughout the nozzle, 

t 02 = T 01 = 500 K 
Pqi = p oi = 1-0 MPa 

The critical pressure and temperature are determined from 


1 

Vi*0 


V 

1 1 i i i i i i i i 1 L 



He 

O - 

► 

© 

<< 

TTTTTT 1 ITTTT 

"X 



T* = T ( 


o 


P* = P, 


' 2 ^ 

\k + 1 j 

2 


= (500 K) 


1.667 + 1 


= 375.0 K 


/ o \k/(k- 1) 


p* = 


p * 


= (1.0 MPa) 


X 1.667/(1.667-1) 


U. 667 + 1 


= 0.487 MPa 


487 kPa 


RT * (2.0769 kPa- m 3 /kg • K)(375 K) 

V* = c* = - JkRT * = 


= 0.625 kg/m- 


\ 


(1.667)(2.0769 kJ/kg- K)(375 K) 


A 1000m 2 /s 2 ^ 


1 kJ/kg 


= 1139.4 m/s 


Thus the throat area is 

, . m 
A* = 


0.46 kg/s 


= 6.460 xl0 _4 m 2 = 6.46cm 


p*V* (0.625 kg/m 3 )(1 139.4 m/s) 

At the nozzle exit the pressure is P 2 = 0.1 MPa. Then the other properties at the nozzle exit are determined to be 


Pq 

P, 


= 1 


k - 1 


Ma 




7 


k /(k-l) 


1.0 MPa 
0.1 MPa 


1 


1.667-1 


X 1.667/0.667 


Ma 


It yields Ma 2 = 2.130, which is greater than 1. Therefore, the nozzle must be converging-diverging. 

/ . x / . \ 

= (500 K) 


t 2 =t 0 


2 + (k-l)MaJ 


P, 


Pi = 


100 kPa 


RT 2 (2.0769 kPa • m 3 /kg • K)( 1 99 K) 
V 2 = Ma 2 c 2 =Ma 2 JkRT 2 =(2.13) 


2 + (1.667-l)x2.13 


= 0.242 kg/m 


= 199.0 K 




(1.667)(2.0769 kJ/kg- K)(199 K) 


A 1000m 2 /s 2 ^ 


1 kJ/kg 


= 1768.0 m/s 


Thus the exit area is 

, m 

A 2 = 


0.46 kg/s 


= 0.1075 xl0 _3 m 2 =10. 8cm 


p 2 V 2 (0.242 kg/m 3 )(1768 m/s) 

Discussion Flow areas in actual nozzles would be somewhat larger to accommodate the irreversibilities. 
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17-141 



Using the normal shock relations, the normal shock functions are to be evaluated and tabulated as in Table 


A-33 for air. 


Properties The specific heat ratio is given to be k = 1.4 for air. 

Analysis The normal shock relations listed below are expressed in EES and the results are tabulated. 


Ma 2 = 

y Z/CIVia J — K + 1 



P 2 1 + kMaf 2kMa\-k + \ 


P x l + kMa 2 2 k + l 


T 2 _ 2 + Maf (k - 1) 
T ] 2 + Ma;(/t-l) 


p 2 P 2 /P { (k + ljMaJ' y. 


Pi T 2 IT x 2 + (*-l)Ma? V- 


k+l 


P 02 Ma, 1 + Ma 2 (k — 1) / 2 2(*-D 


(1 + kMa{ )[1 + Ma 2 (k - 1) / 2 ] k /( * -l) 
l + ^■Ma? 


P 0l Ma 2 1 + Ma j* (k — 1) / 2 


Air: 


k=1.4 

My=SQRT((Mx A 2+2/(k-1 ))/(2*Mx A 2*k/(k-1 )-1 )) 

PyPx=(1 +k*Mx A 2)/(1 +k*My A 2) 

TyTx=(1 +Mx A 2*(k-1 )/2)/(1 +My A 2*(k-1 )/2) 

RyRx=PyPx/TyTx 

P0yP0x=(Mx/My)*((1 +My A 2*(k-1 )/2)/(1 +Mx A 2*(k-1 )/2)) A (0.5*(k+1 )/(k-1 )) 
P0yPx=(1 +k*Mx A 2)*(1 +My A 2*(k-1 )/2) A (k/(k-1 ))/(l +k*My A 2) 


Maj 

M^2 

p 2 /Pi 

pi/p\ 

T 2 /Ti 

Poi/Poi 

Pqi/P i 

1.0 

1.0000 

1.0000 

1.0000 

1.0000 

1 

1.8929 

1.5 

0.7011 

2.4583 

1.8621 

1.3202 

0.9298 

3.4133 

2.0 

0.5774 

4.5000 

2.6667 

1.6875 

0.7209 

5.6404 

2.5 

0.5130 

7.1250 

3.3333 

2.1375 

0.499 

8.5261 

3.0 

0.4752 

10.3333 

3.8571 

2.6790 

0.3283 

12.0610 

3.5 

0.4512 

14.1250 

4.2609 

3.3151 

0.2129 

16.2420 

4.0 

0.4350 

18.5000 

4.5714 

4.0469 

0.1388 

21.0681 

4.5 

0.4236 

23.4583 

4.8119 

4.8751 

0.0917 

26.5387 

5.0 

0.4152 

29.0000 

5.0000 

5.8000 

0.06172 

32.6535 

5.5 

0.4090 

35.1250 

5.1489 

6.8218 

0.04236 

39.4124 

6.0 

0.4042 

41.8333 

5.2683 

7.9406 

0.02965 

46.8152 

6.5 

0.4004 

49.1250 

5.3651 

9.1564 

0.02115 

54.8620 

7.0 

0.3974 

57.0000 

5.4444 

10.4694 

0.01535 

63.5526 

7.5 

0.3949 

65.4583 

5.5102 

11.8795 

0.01133 

72.8871 

8.0 

0.3929 

74.5000 

5.5652 

13.3867 

0.008488 

82.8655 

8.5 

0.3912 

84.1250 

5.6117 

14.9911 

0.006449 

93.4876 

9.0 

0.3898 

94.3333 

5.6512 

16.6927 

0.004964 

104.7536 

9.5 

0.3886 

105.1250 

5.6850 

18.4915 

0.003866 

116.6634 

10.0 

0.3876 

116.5000 

5.7143 

20.3875 

0.003045 

129.2170 


Discussion The tabulated values are useful for quick calculations, but be careful - they apply only to one specific value 
of k, in this case k = 1.4. 
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17-142 Using the normal shock relations, the normal shock functions are to be evaluated and tabulated as in Table 

A-33 for methane. 

Properties The specific heat ratio is given to be k = 1.3 for methane. 

Analysis The normal shock relations listed below are expressed in EES and the results are tabulated. 



Ma 2 = 

y Z/CIVia J — K + 1 



P 2 \ + kMa] 2kMa\-k + \ 


P x l + kMa 2 2 k + l 


T 2 _ 2 + Maf (k - 1) 
T ] 2 + Ma;(/t-l) 


p 2 P 2 /P { (k + ljMaJ' y. 


Pi T 2 IT x 2 + (*-l)Ma? V- 


k+l 


P 02 Ma, 1 + Ma 2 (k — 1) / 2 2(*-D 


(1 + kMa{ )[1 + Ma 2 (k - 1) / 2 ] k /( * -l) 
l + ^■Ma? 


P 0l Ma 2 1 + Ma j* (k — 1) / 2 


Methane: 

k=1.3 

My=SQRT((Mx A 2+2/(k-1 ))/(2*Mx A 2*k/(k-1 )-1 )) 

PyPx=(1 +k*Mx A 2)/(1 +k*My A 2) 

TyTx=(1 +Mx A 2*(k-1 )/2)/(1 +My A 2*(k-1 )/2) 

RyRx=PyPx/TyTx 

P0yP0x=(Mx/My)*((1 +My A 2*(k-1 )/2)/(1 +Mx A 2*(k-1 )/2)) A (0.5*(k+1 )/(k-1 )) 
P0yPx=(1 +k*Mx A 2)*(1 +My A 2*(k-1 )/2) A (k/(k-1 ))/(1 +k*My A 2) 


Maj 

M^2 

p 2 /p i 

Pt!p\ 

t 2 /t ] 

PqiIPqi 

P()2 IP 1 

1.0 

1.0000 

1.0000 

1.0000 

1.0000 

1 

1.8324 

1.5 

0.6942 

2.4130 

1.9346 

1.2473 

0.9261 

3.2654 

2.0 

0.5629 

4.3913 

2.8750 

1.5274 

0.7006 

5.3700 

2.5 

0.4929 

6.9348 

3.7097 

1.8694 

0.461 

8.0983 

3.0 

0.4511 

10.0435 

4.4043 

2.2804 

0.2822 

11.4409 

3.5 

0.4241 

13.7174 

4.9648 

2.7630 

0.1677 

15.3948 

4.0 

0.4058 

17.9565 

5.4118 

3.3181 

0.09933 

19.9589 

4.5 

0.3927 

22.7609 

5.7678 

3.9462 

0.05939 

25.1325 

5.0 

0.3832 

28.1304 

6.0526 

4.6476 

0.03613 

30.9155 

5.5 

0.3760 

34.0652 

6.2822 

5.4225 

0.02243 

37.3076 

6.0 

0.3704 

40.5652 

6.4688 

6.2710 

0.01422 

44.3087 

6.5 

0.3660 

47.6304 

6.6218 

7.1930 

0.009218 

51.9188 

7.0 

0.3625 

55.2609 

6.7485 

8.1886 

0.006098 

60.1379 

7.5 

0.3596 

63.4565 

6.8543 

9.2579 

0.004114 

68.9658 

8.0 

0.3573 

72.2174 

6.9434 

10.4009 

0.002827 

78.4027 

8.5 

0.3553 

81.5435 

7.0190 

11.6175 

0.001977 

88.4485 

9.0 

0.3536 

91.4348 

7.0837 

12.9079 

0.001404 

99.1032 

9.5 

0.3522 

101.8913 

7.1393 

14.2719 

0.001012 

110.367 

10.0 

0.3510 

112.9130 

7.1875 

15.7096 

0.000740 

122.239 


Discussion The tabulated values are useful for quick calculations, but be careful - they apply only to one specific value 
of k, in this case k = 1.3. 
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17-143 Air flowing at a subsonic velocity in a duct is accelerated by heating. The highest rate of heat transfer without 
affecting the inlet conditions is to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one -dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Inlet 
conditions (and thus the mass flow rate) remain constant. 


Properties 

Analysis 
temperature are 


We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 

Heat transfer will stop when the flow is choked, and thus Ma 2 = V 2 /c 2 = 1 . The inlet density and stagnation 


R 


P l = 


350 kPa 


RT X (0.287 kJ/kgK)(420 K) 


= 2.904 kg/m' 


T<n=T x 


1 + 


k - 1 


Ma 


= (420 K) 


1 + 


1.4-1 


0.6 


\ 




= 450.2 K 


Then the inlet velocity and the mass flow rate become 
q = *JkRT\ = 


V 


(1.4X0.287 kJ/kg • K)(420 K) 


/ 1000m 2 /s 2 ^ 


1 kJ/kg 


Q 


P\ = 350|kPa 
T\ = 420lK 




Ma! = 0.6 


= 410.8 m/s 


Mia? — 1 


V ] =M.a. l c l = 0.6(410.8 m/s) = 246.5 m/s 

m air = /7j A cl V l = (2.904 kg/m 3 )(0. 1 x 0. 1 m 2 )(246.5 m/s) = 7. 1 57 kg/s 

jj* 

The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are Tq 2 IT 0 = 1 (since Ma 2 = 1) . 

7oi _ (k + l)Maf [2 + (k - l)Ma 3 ] _ (1. 4 + 1)0.6 2 [2 + (1.4 - 1)0.6 2 ] Q glg9 

(1 + 1.4x 0.6 2 ) 2 

-> T 02 = T 0l / 0.8189 = (450.2 K) / 0.8189 = 549.8 K 

Then the rate of heat transfer becomes 


r 0 * (1 + ytMaf) 2 

Therefore, 

^02 _ ^ 02^0 _ 1 
^01 T 0l /T* 0.8189 


Q = m^-Cp <T 02 ~T 0 j ) = (7.157 kg/s)(1.005 kJ/kg • K)(549.8 - 450.2) K = 71 6kW 

Discussion It can also be shown that T 2 = 458 K, which is the highest thermodynamic temperature that can be attained 
under stated conditions. If more heat is transferred, the additional temperature rise will cause the mass flow rate to decrease. 
We can also solve this problem using the Rayleigh function values listed in Table A-34. 
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17-144 Helium flowing at a subsonic velocity in a duct is accelerated by heating. The highest rate of heat transfer without 
affecting the inlet conditions is to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Inlet 
conditions (and thus the mass flow rate) remain constant. 


Properties 

Analysis 
temperature are 


We take the properties of helium to be k = 1.667, c p = 5.193 kJ/kg-K, and R = 2.077 kJ/kg-K. 

Heat transfer will stop when the flow is choked, and thus Ma 2 = V 2 /c 2 = 1 . The inlet density and stagnation 


R 


Pi = 


350 kPa 


RT X (2. 077 kJ/kgK)(420 K) 


= 0.4012 kg/m' 


T,i=T { 


1 + 


k - 1 


Ma 


= (420 K) 


1 + 


1.667-1 


0.6 


\ 


7 


= 470.4 K 


Then the inlet velocity and the mass flow rate become 

Cl =yJkRT J = 




(1.667)(2.077 kJ/kg ■ K)(420 K) 


/ 1000 m 2 /s 2 ^ 


1 kJ/kg 


Q 


P\ = 350|kPa ^ 

T x = 4201K 

i 

^ i 

Ma 2 — 1 

■ 

i 

i 

i 

i 

i 

i 

i 

i 

i 

i 

i 

i 

i 

i 

-SO. I 

ll 

§ 



= 1206 m/s 


V x = Ma 1 c 1 =0.6(1206 m/s) = 723.5 m/s 


m air =p l A cl V 1 = (0.4012 kg/m 3 X0.1x0.1m 2 )(723.5 m/s) =2.903 kg/s 

jj; 

The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are Tq 2 /T 0 = 1 (since Ma 2 = 1) 

r Q1 __ (fc + l)Maf[2 + (fc-l)Ma?] (1.667 + 1)0.6 2 [2 + (1.667 - 1)0.6 2 ] Q g1QQ 
r 0 * (1 + ytMa 2 ) 2 (1 + 1. 667x0. 6 2 ) 2 


Therefore, 

^02 _ ^ 02^0 _ 1 
T 0l T 01 /Tq 0.8400 


-> r 02 = T 0l / 0.8400 = (470.4 K) / 0.8400 = 560.0 K 


Then the rate of heat transfer becomes 


Q = m^Cp (T 02 - r 01 ) = (2.903 kg/s)(5. 193 kJ/kg • K)(560.0 - 470.4) K = 1 350 kW 

Discussion It can also be shown that T 2 = 420 K, which is the highest thermodynamic temperature that can be attained 
under stated conditions. If more heat is transferred, the additional temperature rise will cause the mass flow rate to decrease. 
Also, in the solution of this problem, we cannot use the values of Table A-34 since they are based on k = 1.4. 
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17-145 Air flowing at a subsonic velocity in a duct is accelerated by heating. For a specified exit Mach number, the heat 
transfer for a specified exit Mach number as well as the maximum heat transfer are to be determined. 


Assumptions 1 The assumptions associated with Rayleigh flow (i.e., 
steady one-dimensional flow of an ideal gas with constant properties 


q 


through a constant cross-sectional area duct with negligible frictional 
effects) are valid. 2 Inlet conditions (and thus the mass flow rate) 

P, = 35 IPa 

T 


remain constant. 

T\ = 400lK 

i 


Ma 2 = 0.8 

Properties We take the properties of air to be k = 1.4, c p = 1.005 

kJ/kg-K, and R = 0.287 kJ/kg-K. 

Vi = 100 m/s 

i 

i 




Analysis The inlet Mach number and stagnation temperature are 
Cl =yJkRT i = 


\ 


(1.4X0.287 kJ/kg-K)(400K) 


' 1000 m 2 /s 2 ^ 


lkJ/kg 


= 400.9 m/s 


Ma i = — = 


100 m/s 


= 0.2494 


c l 400.9 m/s 


T 0 i=T x 


k - 1 


Ma 


= (400 K) 


1.4-1 


0.2494 


\ 


7 


= 405.0 K 


The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 


Maj = 0.2494: T 0l lf = 0.2559 

Ma 2 = 0.8: T 02 /f =0.9639 


Then the exit stagnation temperature and the heat transfer are determined to be 
T a? T^/T* 0.9639 

— =— — = 3.7667 -> r 02 = 3.7667r 01 = 3.7667(405.0 K) = 1526 K 

T 01 T 0l /T 0.2559 

q = c p (r o2 — 7J,j) = (1.005 kJ/kg-K) (1526 -405) K = 1126 kJ/kg s 1130 kJ/kg 

jJ» 

Maximum heat transfer will occur when the flow is choked, and thus Ma 2 = 1 and thus T 02 /T = 1. Then, 


7()2 _ ^02 ! T _ 1 

T 0l ~ T 0l /T* “0.2559 


-> T 02 = T 0 ! / 0.2559 = (405 K) / 0.2559 = 1583 K 


q max = c p (T 02 -T 01 ) = ( 1 .005 kJ/kg ■ K )( 1583 ^ - 405 ) K = 1 1 84 kJ/kg = 1180 kJ/kg 

Discussion This is the maximum heat that can be transferred to the gas without affecting the mass flow rate. If more 
heat is transferred, the additional temperature rise will cause the mass flow rate to decrease. 
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17-146 Air flowing at sonic conditions in a duct is accelerated by cooling. For a specified exit Mach number, the amount of 
heat transfer per unit mass is to be determined. 

Assumptions The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 


Properties 

Analysis 


We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 


Noting that Mai = 1, the inlet stagnation temperature is 


q 


Tox=T x 


1 + 


k - 1 


Ma 


= (340 K) 


1 + 


1-4-1 2 


= 408 K 


7 


The Rayleigh flow functions T^IT^ corresponding to the inlet and exit 
Mach numbers are (Table A-34): 

Ma 1 = l: T ol /To= 1 

Ma 2 = 1.6: T 02 /T 0 * = 0.8842 

Then the exit stagnation temperature and heat transfer are determined to be 


Pol = 250 kPa 

i 

i 

i 

T m = 346 K 

|Ma 2 =1.6 

^ 1 


1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

H 

II 

a 

2 

i 

i 

i 

i 


T TIT 0 8842 

— = — — = 0.8842 -> T 02 = 0.8842r 01 = 0.8842(408 K) = 360.75 K 

Toi To i IT, 1 

q = c p ( T 02 -T q1 ) = (1.005 kJ/kg • K)(360.75 - 408) K = -47.49 kJ/kg = -47.5kJ/kg 
Discussion The negative sign confirms that the gas needs to be cooled in order to be accelerated. 
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17-147 Air flowing at a supersonic velocity in a duct is accelerated by cooling. For a specified exit Mach number, the rate 
of heat transfer is to be determined. 


Assumptions The assumptions associated with Rayleigh flow (i.e., 
steady one-dimensional flow of an ideal gas with constant properties 
through a constant cross-sectional area duct with negligible frictional 
effects) are valid. 

Properties We take the properties of air to be k = 1.4, c p = 1.005 
kJ/kg-K, and R = 0.287 kJ/kg-K. 

Analysis Knowing stagnation properties, the static properties are 
determined to be 


Q 


— 

P m = 240 kPa 

T 0 1 = 350 K 

1 

Ma 2 = 2 

Ma, = 1.2 

1 i 

i 
i 



Ti=T<n 


k - 1 


-1 


Maf = (350 K) 


1-4-1, nt 2 

1.2 2 




= 271.7 K 


Pi=Poi 


k-l 


\ 


-k /(k- 1) 


Ma 


= (240 kPa) 


1 


1.4-1 2 

1.2 2 


N -1.4/ 0.4 


= 98.97 kPa 


P 


P\ = 


98.97 kPa 


= 1.269 kg/m 


RT X (0. 287 kJ/kgK)(27 1 . 7 K) 

Then the inlet velocity and the mass flow rate become 


C\ =^kRT x = 


(1.4)(0.287 kJ/kg-K)(271.7 K) 


^ 1000 m 2 /s 2 ^ 


1 kJ/kg 


= 330.4 m/s 


V 7 ! =Ma jcj = 1 .2(330.4 m/s) = 396.5 m/s 


m air = P\A cX V x = (1.269 kg/m 3 )[;r(0.20m) 2 / 4](396.5 m/s) = 15.81 kg/s 

The Rayleigh flow functions TJT 0 + corresponding to the inlet and exit Mach numbers are (Table A-34): 
Maj = 1.8: T 0l /T 0 * = 0.9787 

Ma 2 = 2: T Q2 /T 0 * = 0.7934 

Then the exit stagnation temperature is determined to be 

T n? T^/Tn 0.7934 

— = — — = 0.8107 T 02 =0.81077,,, =0.8107(350 K) = 283.7 K 

T 0 i T’qj/T’o 0.9787 


Finally, the rate of heat transfer is 

Q = m du c p (: T 02 -T 01 ) = (15.81 kg/s) (1.005 kJ/kg- K)( 283. 7 -350) K = -1053 kW = -1050 kW 

Discussion The negative sign confirms that the gas needs to be cooled in order to be accelerated. Also, it can be shown 
that the thermodynamic temperature drops to 158 K at the exit, which is extremely low. Therefore, the duct may need to be 
heavily insulated to maintain indicated flow conditions. 
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17-148 Saturated steam enters a converging-diverging nozzle with a low velocity. The throat area, exit velocity, mass flow 
rate, and exit Mach number are to be determined for isentropic and 90 percent efficient nozzle cases. 


Assumptions 1 Flow through the nozzle is steady and one-dimensional. 

2 The nozzle is adiabatic. 

Analysis ( a ) The inlet stagnation properties in this case are identical to the 
inlet properties since the inlet velocity is negligible. Thus h\o = h\. At the 
inlet, 


V 


© 

v,*o 


hum a J-U 

Steam (T) - 

rrrrrrrTT 




h x =(hf +x 1 ^)@ L75MPa = 878.16 + 0.90x 1917.1 = 2603.5 kJ/kg 
s x =(Sf -\- x x s fg) @i. 75 MPa = 2.3844 + 0.90 x 4.0033 = 5. 9874 kJ/kg • K 

At the exit, P 2 = 1.2 MPa and s 2 = s 2ii = s x = 5.9874 kJ/kg-K. Thus, 

s 2 - s f + x 2 s j-g — ^ 5.9874 = 2.2159 + x 2 (4.3058) — > x 2 =0.8759 

h 2 = h f + x 2 h fg = 798.33 + 0.8759 x 1985.4 = 2537.4 kJ/kg 

v 2 = v f +X 2 v fg = 0.001 138 + 0.8759 x (0.16326 - 0.001 138) = 0. 14314 m 3 / kg 

Then the exit velocity is determined from the steady-flow energy balance to be 


. r r rTTTr rTTT r T>K 

( a) ij N = 100% 

b) 7n = 92% 


V{ 

h i+^r = h 2 


y," v 0 -vs 


Solving for V 2 , 

V 2 — yj^(h x — h 2 ) — 


1 


2(2603.5 -2537.4)kJ/kg 


^ 1000 m 2 /s 2 ^ 


1 kJ/kg 


= 363.7 m/s 


(25 x 10~ 4 m z X363.7 m/s) = 6.35kg/s 


The mass flow rate is determined from 

m = — A 2 V 2 = — 

^2 0.14314m 3 /kg 

The velocity of sound at the exit of the nozzle is determined from 
c = 



1/2 

f AP l 

[ci-j 

s 

Ufl/oJ 


The specific volume of steam at s 2 = 5.9874 kJ/kg-K and at pressures just below and just above the specified pressure (1.1 
and 1.3 MPa) are determined to be 0.1547 and 0.1333 m 3 /kg. Substituting, 

Co = H ^ 1 — i = 438.9 m/s 


1 


1 


1 


0.1333 0.1547 

/ 

Then the exit Mach number becomes 


kg/nr 


lkPa • m 3 


Ma 2 = 


Vo 363.7 m/s 


Co 438.9 m/s 


= 0.829 


The steam is saturated, and thus the critical pressure which occurs at the throat is taken to be 
p t = P* = 0.576 xP 01 =0.576x1.75 = 1.008 MPa 
Then at the throat, 

P t = 1 .008 MPa and s t =s x = 5.9874 kJ/kg • K 


Thus, 
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h t = 2507.7 kJ/kg 
i/, = 0.1672m 3 /kg 

Then the throat velocity is determined from the steady-flow energy balance, 


h 


V, 


,710 


v t v: 

= h t +- J - -+ 0 = /z, — /zj H — - 


Solving for V t , 

y, -h t ) = 

Thus the throat area is 




2(2603.5 - 2507.7)kJ/kg 


^lOOO m 2 /s 2 ^ 


1 kJ/kg 


= 437.7 m/s 


4 = 


me/, (6.35 kg/s)(0. 1672 m 3 / kg) 


Vt 


437.7 m/s 


= 24.26 xl(T 4 m 2 = 24.26cm 


(/?) The inlet stagnation properties in this case are identical to the inlet 
properties since the inlet velocity is negligible. Thus /zj 0 = h\. At the inlet, 

h x - (hj + x l hj g ) @l 75MPa = 878.16 + 0.90x 1917.1 = 2603.5 kJ/kg 

s x =(Sf +x l Sf g ) @l 75MPa = 2.3844 + 0.90x4.0033 = 5. 9874 kJ/kg • K 

At state 2s, P 2 = 1.2 MPa and s 2 = s 2ii = M = 5.9874 kJ/kg-K. Thus, 

s 2 ^ = Sj +x 2 s fg -+5.9874 = 2.2159 + x 2 (4.3058) —>x 2s =0.8759 
h 2s =h f + x 2 h fg =798.33 + 0.8759x1985.4 = 2537.4 kJ/kg 

The enthalpy of steam at the actual exit state is determined from 

2603.5 - h 2 


V 




-U_i LLL-U-U 

(T) Steam (T) ► 


Ti-0 

<0 a) t/n = 100% ^ 

/?) ti n = 92% 


Pn = 


K\ ^2 

^oi ~his 


+0.92 = 


>h 2 = 2542.7 kJ/kg 


2603.4-2537.4 

Therefore at the exit, P 2 = 1.2 MPa and h 2 = 2542.7 kJ/kg-K. Thus, 

/z 2 = h f + x 2 /z^ > 2542.7 = 798.33 + v 2 (1985.4) > x 2 = 0.8786 

s 2 = s f +X 2 s fg =2.2159 + 0.8786x4.3058 = 5.9989 

i/ 2 ={/f +x 2 v Jg = 0.001 138 + 0.8786 x (0.16326 -0.001 138) = 0.1436 kJ/kg 

Then the exit velocity is determined from the steady-flow energy balance to be 
V 2 V 2 V 2 — V 2 

hl+ h_ = /72+ l^ o = /i 2 -/ Il +^— 1L. 


Solving for V 2 , 

V 2 — yj 2 (h x — h 2 ) = 


i 


2(2603.5 -2542.7)kJ/kg 


^ 1000 m 2 /s 2 ^ 


1 kJ/kg 


= 348.9 m/s 


The mass flow rate is determined from 
1 . „ 1 


m = 


1+ 


A 2 V 2 - 


(25 x 10~ 4 m 2 )( 348.9 m/s) = 6.07 kg/s 


■2 0.1436m /kg 

The velocity of sound at the exit of the nozzle is determined from 


c = 


' dP^ 


1/2 / 


AP 
A(l/i/) 


\ 1/2 
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The specific volume of steam at s 2 = 5.9989 kJ/kg-K and at pressures just below and just above the specified pressure (1.1 
and 1.3 MPa) are determined to be 0.1551 and 0.1337 m 3 /kg. Substituting, 


c 2 = 


(l300-1100)kPa 


0.1337 0.1551 


kg/nr 


_ 1000m 2 /s 2 
3 1 kPa • m 3 


= 439.7 m/s 


Then the exit Mach number becomes 


A/r V 2 348.9 m/s „ 

Ma ? = — = = 0.793 

c 2 439.7 m/s 

The steam is saturated, and thus the critical pressure which occurs at the throat is taken to be 
P t =P* = 0.576 xP 0l = 0.576 x 1 .75 = 1 .008 MPa 

At state 2ts, P ts = 1.008 MPa and s ts = s\ = 5.9874 kJ/kg-K. Thus, h ts = 2507.7 kJ/kg. 

The actual enthalpy of steam at the throat is 


Vn = 


K\ ~ h t 

K\~K 


0.92 = 


2603.5 -h, 
2603.5-2507.7 


h, =25 15.4 kJ/kg 


Therefore at the throat, P 2 = 1.008 MPa and h, = 25 15.4 kJ/kg. Thus, v t = 0.1679 m 3 /kg. 
Then the throat velocity is determined from the steady-flow energy balance, 




Solving for V { . 


V t V t 

— = /L +-*--> 0 = h t — h + — 
2 2 2 


= J2C/I! -h t ) = 2(2603.5- 25 15.4)kJ/k 


1000 m 2 /s 2 
1 kJ/kg 


= 419.9 m/s 


Thus the throat area is 


thv t _ (6.07 kg/s)(0. 1679m 3 /kg) 
V, 419.9 m/s 


24.30 xl0 _4 m 2 


= 24.30 cm 
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17-149 



Using EES (or other) software, the shape of a converging -diverging nozzle is to be determined for specified 


flow rate and stagnation conditions. The nozzle and the Mach number are to be plotted. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one -dimensional, and 
isentropic. 3 The nozzle is adiabatic. 


Properties The specific heat ratio of air at room temperature is 1.4. 


Analysis 


The problem is solved using EES, and the results are tabulated and plotted below. 


k=1 .4 

Cp=1 .005 "kJ/kg.K" 

R=0.287 "kJ/kg.K" 

P0=1 400 "kPa" 

T0=200+273 "K" 
m=3 "kg/s" 
rho_0=P0/(R*T0) 
rho=P/(R*T) 
T=T0*(P/P0) A ((k-1 )/k) 
V=SQRT(2*Cp*(T0-T)*1 000) 
A=m/(rho*V)*1 0000 "cm2" 
C=SQRT(k*R*T*1000) 

Ma=V/C 


Pressure 
P, kPa 

Flow area 
A, cm 2 

Mach number 
Ma 

1400 

00 

0 

1350 

30.1 

0.229 

1300 

21.7 

0.327 

1250 

18.1 

0.406 

1200 

16.0 

0.475 

1150 

14.7 

0.538 

1100 

13.7 

0.597 

1050 

13.0 

0.655 

1000 

12.5 

0.710 

950 

12.2 

0.766 

900 

11.9 

0.820 

850 

11.7 

0.876 

800 

11.6 

0.931 

750 

11.5 

0.988 

700 

11.5 

1.047 

650 

11.6 

1.107 

600 

11.8 

1.171 

550 

12.0 

1.237 

500 

12.3 

1.308 

450 

12.8 

1.384 

400 

13.3 

1.467 

350 

14.0 

1.559 

300 

15.0 

1.663 

250 

16.4 

1.784 

200 

18.3 

1.929 

150 

21.4 

2.114 

100 

27.0 

2.373 




Discussion The shape is not actually to scale since the horizontal axis is pressure rather than distance. If the pressure 
decreases linearly with distance, then the shape would be to scale. 
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17-150 


Steam enters a converging nozzle. The exit pressure, the exit velocity, and the mass flow rate versus the 


back pressure for a specified back pressure range are to be plotted. 


Assumptions 1 Steam is to be treated as an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 3 The nozzle is adiabatic. 

Properties The ideal gas properties of steam are R = 0.462 kJ/kg.K, c p = 1.872 kJ/kg.K, and k - 1.3. 

Analysis We use EES to solve the problem. The stagnation properties in this case are identical to the inlet properties 

since the inlet velocity is negligible. Since the flow is isentropic, they remain constant throughout the nozzle, 

P 0 = Pj =6 MPa and T 0 = P, = 700 K 

The critical pressure is determined to be 

1 \ 1.3/ 0.3 


P* = P, 


k + 1 


^/(*-D r 

= (6 MPa) 


1.3+1 


= 3.274 MPa 


Then the pressure at the exit plane (throat) is 

P e = P b for P b > 3.274 MPa 


p - P* = 3.274 MPa for 


P b < 3.274 MPa (choked flow) 


Thus the back pressure does not affect the flow when 3 < P b < 3.274 
MPa. For a specified exit pressure P e , the temperature, velocity, and 
mass flow rate are 


Temperature 


T e =T 0 


r p x (*-D/* 


K P o J 


= (700 K) 


P, 


\ 0.3/ 1.3 


Velocity V = j2c p (T 0 -T e ) = 2(1.872 kJ/kg- K)(700 - T e ) 


/ 1000m 2 /s 2 ^ 
TkJ/kg 


Density 


P, 


P, 


Pe = 


RT e (0.462 kPa- m 3 / kg ■ K )T e 


Mass flow rate m = p e V e A e = p e V e (0.0008 m“ ) 
The results of the calculations are tabulated as follows: 


P b , MPa 

P e9 MPa 

T„ K 

V e9 m/s 

Pe, kg/m 3 

m, kg/ 

6.0 

6.0 

700 

0 

18.55 

0 

5.5 

5.5 

686.1 

228.1 

17.35 

3.166 

5.0 

5.0 

671.2 

328.4 

16.12 

4.235 

4.5 

4.5 

655.0 

410.5 

14.87 

4.883 

4.0 

4.0 

637.5 

483.7 

13.58 

5.255 

3.5 

3.5 

618.1 

553.7 

12.26 

5.431 

3.274 

3.274 

608.7 

584.7 

11.64 

5.445 

3.0 

3.274 

608.7 

584.7 

11.64 

5.445 



m 


© 




Discussion Once the back pressure drops below 3.274 MPa, the flow is choked, and m remains constant from then on. 
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17-151 An expression for the ratio of the stagnation pressure after a shock wave to the static pressure before the shock wave 
as a function of k and the Mach number upstream of the shock wave is to be found. 

Analysis The relation between Pi and P 2 is 

P, 1 + fcMa? (l + AMaM 

P ] 1+fcMaf 1 V + fcMal, 

We substitute this into the isentropic relation 

^ = (l + (t-l)Ma-/2)‘' M 

*2 

which yields 



where 


Ma? + 2/q-l) 

" 2kMa^ /(k -1) -1 


Substituting, 



Discussion Similar manipulations of the equations can be performed to get the ratio of other parameters across a shock. 
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17-152 


Using the compressible flow relations, the one-dimensional compressible flow functions are to be evaluated 


and tabulated as in Table A-32 for air. 

Properties The specific heat ratio is given to be k = 1.4 for air. 

Analysis The compressible flow functions listed below are expressed in EES and the results are tabulated. 

0.5(Jfc+l)/(*-l) 


Ma =Ma 


k + \ 


A 


1 


P 


P, 


2 + (k-l)Ma 

N -*/(*-!) 


1 + — Ma 2 


0 v 


T 

v 


1 


2 

k - 1 


A* Ma 

/ 

P 


k + 1 


1 


Ma 


y 

V 1 


Po 


1 + — Ma 2 


k - 1 
2 

N— 1/(* — 1) 

y 


Ma 


Air: 


k=1 .4 

PP0=(1 +(k-1 )*M A 2/2) A (-k/(k-1 )) 

TT0=1/(1 +(k-1 )*M A 2/2) 

DD0=(1 +(k-1 )*M A 2/2) A (-1/(k-1 )) 

Mcr=M*SQRT ((k+1 )/(2+(k-1 )*M A 2)) 

AAcr=((2/(k+1 ))*(! +0.5*(k-1 )*M A 2)) A (0.5*(k+1 )/(k-1 ))/M 


Ma 

Ma* 

A/A* 

P/Po 

p/Po 

T/T 0 

1.0 

1.0000 

1.0000 

0.5283 

0.6339 

0.8333 

1.5 

1.3646 

1.1762 

0.2724 

0.3950 

0.6897 

2.0 

1.6330 

1.6875 

0.1278 

0.2300 

0.5556 

2.5 

1.8257 

2.6367 

0.0585 

0.1317 

0.4444 

3.0 

1.9640 

4.2346 

0.0272 

0.0762 

0.3571 

3.5 

2.0642 

6.7896 

0.0131 

0.0452 

0.2899 

4.0 

2.1381 

10.7188 

0.0066 

0.0277 

0.2381 

4.5 

2.1936 

16.5622 

0.0035 

0.0174 

0.1980 

5.0 

2.2361 

25.0000 

0.0019 

0.0113 

0.1667 

5.5 

2.2691 

36.8690 

0.0011 

0.0076 

0.1418 

6.0 

2.2953 

53.1798 

0.0006 

0.0052 

0.1220 

6.5 

2.3163 

75.1343 

0.0004 

0.0036 

0.1058 

7.0 

2.3333 

104.1429 

0.0002 

0.0026 

0.0926 

7.5 

2.3474 

141.8415 

0.0002 

0.0019 

0.0816 

8.0 

2.3591 

190.1094 

0.0001 

0.0014 

0.0725 

8.5 

2.3689 

251.0862 

0.0001 

0.0011 

0.0647 

9.0 

2.3772 

327.1893 

0.0000 

0.0008 

0.0581 

9.5 

2.3843 

421.1314 

0.0000 

0.0006 

0.0525 

10.0 

2.3905 

535.9375 

0.0000 

0.0005 

0.0476 


Discussion The tabulated values are useful for quick calculations, but be careful - they apply only to one specific value 
of k, in this case k = 1.4. 
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Using the compressible flow relations, the one-dimensional compressible flow functions are to be evaluated 


and tabulated as in Table A-32 for methane. 

Properties The specific heat ratio is given to be k = 1.3 for methane. 

Analysis The compressible flow functions listed below are expressed in EES and the results are tabulated. 

0.5(*+l)/(*-l) 


Ma =Ma 


k + \ 


A 


1 


P 


P, 


2 + (k-l)Ma 

N -*/(*-!) 


1 + — Ma 2 


0 v 


A Ma 

/ 

P 


k + 1 


1 


T 

v 


1 + — Ma 2 


J 

V 1 

y 


Po 


1 + — Ma 2 


k - 1 
2 

\ — 1/(T-1) 
y 


Ma 


Methane: 
k=1 .3 

PP0=(1 +(k-1 )*M A 2/2) A (-k/(k-1 )) 

TT0=1/(1+(k-1)*M A 2/2) 

DD0=(1 +(k-1 )*M A 2/2) A (-1/(k-1 )) 

Mcr=M*SQRT((k+1 )/(2+(k-1 )*M A 2)) 

AAcr=((2/(k+1 ))*(1 +0.5*(k-1 )*M A 2)) A (0.5*(k+1 )/(k-1 ))/M 


Ma 

Ma* 

* 

A/A 

P/Po 

plpo 

T/T 0 

1.0 

1.0000 

1.0000 

0.5457 

0.6276 

0.8696 

1.5 

1.3909 

1.1895 

0.2836 

0.3793 

0.7477 

2.0 

1.6956 

1.7732 

0.1305 

0.2087 

0.6250 

2.5 

1.9261 

2.9545 

0.0569 

0.1103 

0.5161 

3.0 

2.0986 

5.1598 

0.0247 

0.0580 

0.4255 

3.5 

2.2282 

9.1098 

0.0109 

0.0309 

0.3524 

4.0 

2.3263 

15.9441 

0.0050 

0.0169 

0.2941 

4.5 

2.4016 

27.3870 

0.0024 

0.0095 

0.2477 

5.0 

2.4602 

45.9565 

0.0012 

0.0056 

0.2105 

5.5 

2.5064 

75.2197 

0.0006 

0.0033 

0.1806 

6.0 

2.5434 

120.0965 

0.0003 

0.0021 

0.1563 

6.5 

2.5733 

187.2173 

0.0002 

0.0013 

0.1363 

7.0 

2.5978 

285.3372 

0.0001 

0.0008 

0.1198 

7.5 

2.6181 

425.8095 

0.0001 

0.0006 

0.1060 

8.0 

2.6350 

623.1235 

0.0000 

0.0004 

0.0943 

8.5 

2.6493 

895.5077 

0.0000 

0.0003 

0.0845 

9.0 

2.6615 

1265.6040 

0.0000 

0.0002 

0.0760 

9.5 

2.6719 

1761.2133 

0.0000 

0.0001 

0.0688 

10.0 

2.6810 

2416.1184 

0.0000 

0.0001 

0.0625 


Discussion The tabulated values are useful for quick calculations, but be careful - they apply only to one specific value 
of k, in this case k = 1.3. 
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17-154 An aircraft is cruising in still air at 5°C at a velocity of 400 m/s. The air temperature at the nose of the aircraft where 
stagnation occurs is 

(a) 5°C (b) 25 °C (c) 55°C (d) 80°C (e) 85°C 


Answer (e) 85°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1=5 [C] 

Veil = 400 [m/s] 
k=l.4 

Cp=1 .005 [kJ/kg-K] 

T1_stag=T1 +Vel1 A 2/(2*Cp*1 000) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Tstag=T1 "Assuming temperature rise" 

W2_Tstag=Vel1 A 2/(2*Cp*1 000) "Using just the dynamic temperature" 

W3_T stag=T 1 +Vel1 A 2/(Cp*1 000) "Not using the factor 2" 


17-155 Air is flowing in a wind tunnel at 25°C, 80 kPa, and 250 m/s. The stagnation pressure at a probe inserted into the 
flow stream is 

(a) 87 kPa (b) 96 kPa (c)113kPa (d)119kPa (e) 125 kPa 


Answer (c) 96 kPa 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1 =(25+273) [K] 

PI =80 [kPa] 

Veil = 250 [m/s] 


k=1 .4 

Cp=1 .005 [kJ/kg-K] 

T1_stag=(T1 +273)+Vel1 A 2/(2*Cp*1 000) 

T1_stag/(T1 +273)=(P1_stag/P1 ) A ((k-1 )/k) 

"Some Wrong Solutions with Common Mistakes:" 

T11_stag/T1=(W1_P1stag/P1) A ((k-1)/k); T11_stag=T1+Vel1 A 2/(2*Cp*1000) "Using deg. C for temperatures" 

T 1 2_stag/(T 1 +273)=(W2_P1 stag/PI ) A ((k-1 )/k); T12_stag=(T1+273)+Vel1 A 2/(Cp*1000) "Not using the factor 2" 
T 1 3_stag/(T 1 +273)=(W3_P1 stag/PI ) A (k-1 ); T1 3_stag=(T1 +273)+Vel1 A 2/(2*Cp*1 000) "Using wrong isentropic 
relation" 
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17-156 An aircraft is reported to be cruising in still air at -20°C and 40 kPa at a Mach number of 0.86. The velocity of the 
aircraft is 

(a) 91 m/s (b) 220 m/s (c) 186 m/s (d) 274 m/s (e) 378 m/s 


Answer (d) 274 m/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1 =(-20+273) [K] 

PI =40 [kPa] 

Mach=0.86 

k=1.4 

Cp=1 .005 [kJ/kg-K] 

R=0.287 [kJ/kg-K] 

VS1 =SQRT (k*R*T 1 *1 000) 

Mach=Vel1/VS1 

"Some Wrong Solutions with Common Mistakes:" 

W1_vel=Mach*VS2; VS2=SQRT(k*R*T1) "Not using the factor 1000" 

W2_vel=VS1/Mach "Using Mach number relation backwards" 

W3_vel=Mach*VS3; VS3=k*R*T1 "Using wrong relation" 


17-157 Air is flowing in a wind tunnel at 12°C and 66 kPa at a velocity of 230 m/s. The Mach number of the flow is 
(a) 0.54 (b) 0.87 (c) 3.3 (d) 0.36 (e) 0.68 


Answer (e) 0.68 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1 =(12+273) [K] 

PI =66 [kPa] 

Veil =230 [m/s] 

k=1.4 

Cp=1 .005 [kJ/kg-K] 

R=0.287 [kJ/kg-K] 

VS1 =SQRT (k*R*T 1 *1 000) 

Mach=Vel1/VS1 

"Some Wrong Solutions with Common Mistakes:" 

W1_Mach=Vel1/VS2; VS2=SQRT(k*R*(T1 -273)*1000) "Using C for temperature" 

W2_Mach=VS1/Vel1 "Using Mach number relation backwards" 

W3_Mach=Vel1/VS3; VS3=k*R*T1 "Using wrong relation" 
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17-158 Consider a converging nozzle with a low velocity at the inlet and sonic velocity at the exit plane. Now the nozzle 
exit diameter is reduced by half while the nozzle inlet temperature and pressure are maintained the same. The nozzle exit 
velocity will 

(a) remain the same (b) double (c) quadruple (d) go down by half (e) go down to one-fourth 


Answer (a) remain the same 


17-159 Air is approaching a converging-diverging nozzle with a low velocity at 12°C and 200 kPa, and it leaves the nozzle 
at a supersonic velocity. The velocity of air at the throat of the nozzle is 

(a) 338 m/s (b) 309 m/s (c) 280 m/s (d) 256 m/s (e) 95 m/s 


Answer (b) 309 m/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1 =(12+273) [K] 

PI =200 [kPa] 

Vel1=0 [m/s] 

k=1 .4 

Cp=1 .005 [kJ/kg-K] 

R=0.287 [kJ/kg-K] 

"Properties at the inlet" 

To=T1 "since velocity is zero" 

Po=P1 

"Throat properties" 

T_throat=2*T o/(k+1 ) 

P_throat=Po*(2/(k+1 )) A (k/(k-1 )) 

"The velocity at the throat is the velocity of sound," 

V_throat=SQRT(k*R*T_throat*1000) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Vthroat=SQRT (k*R*T 1 *1 000) "Using T1 for temperature" 

W2_Vthroat=SQRT(k*R*T2_throat*1 000); T2_throat=2*(To-273)/(k+1) "Using C for temperature" 
W3_Vthroat=k*R*T_throat "Using wrong relation" 
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17-160 Argon gas is approaching a converging-diverging nozzle with a low velocity at 20°C and 120 kPa, and it leaves the 
nozzle at a supersonic velocity. If the cross-sectional area of the throat is 0.015 m , the mass flow rate of argon through the 
nozzle is 


(a) 0.41 kg/s (b) 3.4 kg/s (c) 5.3 kg/s (d) 17 kg/s (e) 22 kg/s 


Answer (c) 5.3 kg/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1 =(20+273) [K] 

PI =120 [kPa] 

Vel1=0 [m/s] 

A=0.01 5 [m A 2] 

k=1 .667 

Cp=0.5203 [kJ/kg-K] 

R=0.2081 [kJ/kg-K] 

"Properties at the inlet" 

To=T1 "since velocity is zero" 

Po=P1 

"Throat properties" 

T_throat=2*To/(k+1) 

P_throat=Po*(2/(k+1 )) A (k/(k-1 )) 
rho_throat=P_throat/(R*T_throat) 

"The velocity at the throat is the velocity of sound," 

V_throat=SQRT(k*R*T_throat*1000) 

m=rho_throat*A*V_throat 

"Some Wrong Solutions with Common Mistakes:" 

W1_mass=rho_throat*A*V1_throat; V1_throat=SQRT(k*R*T1_throat*1 000); T1_throat=2*(To-273)/(k+1 ) "Using 
C for temp" 

W2_mass=rho2_throat*A*V_throat; rho2_throat=P1/(R*T1) "Using density at inlet" 
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17-161 Carbon dioxide enters a converging-diverging nozzle at 60 m/s, 310°C, and 300 kPa, and it leaves the nozzle at a 
supersonic velocity. The velocity of carbon dioxide at the throat of the nozzle is 

(a) 125 m/s (b) 225 m/s (c) 312 m/s (d) 353 m/s (e) 377 m/s 


Answer (d) 353 m/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T1 =(31 0+273) [K] 

PI =300 [kPa] 

Veil =60 [m/s] 


k=1 .289 

Cp=0.846 [kJ/kg-K] 

R=0.1889 [kJ/kg-K] 

"Properties at the inlet" 

To=T1 +Vel1 A 2/(2*Cp*1 000) 

To/T 1 =(Po/P1 ) A ((k-1 )/k) 

"Throat properties" 

T_throat=2*To/(k+1) 

P_throat=Po*(2/(k+1 » A (k/(k-1 )) 

"The velocity at the throat is the velocity of sound," 

V_throat=SQRT(k*R*T_throat*1000) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Vthroat=SQRT (k*R*T 1 *1 000) "Using T1 for temperature" 

W2_Vthroat=SQRT(k*R*T2_throat*1 000); T2_throat=2*(T_throat-273)/(k+1) "Using C for temperature" 
W3_Vthroat=k*R*T_throat "Using wrong relation" 


17-162 Consider gas flow through a converging-diverging nozzle. Of the five statements below, select the one that is 
incorrect: 

(a) The fluid velocity at the throat can never exceed the speed of sound. 

(b) If the fluid velocity at the throat is below the speed of sound, the diversion section will act like a diffuser. 

(c) If the fluid enters the diverging section with a Mach number greater than one, the flow at the nozzle exit will be 
supersonic. 

(d) There will be no flow through the nozzle if the back pressure equals the stagnation pressure. 

(e) The fluid velocity decreases, the entropy increases, and stagnation enthalpy remains constant during flow through a 
normal shock. 


Answer (c) If the fluid enters the diverging section with a Mach number greater than one, the flow at the nozzle exit will be 
supersonic. 
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17-163 Combustion gases with k = 1.33 enter a converging nozzle at stagnation temperature and pressure of 350°C and 400 
kPa, and are discharged into the atmospheric air at 20°C and 100 kPa. The lowest pressure that will occur within the nozzle 
is 


(a) 13 kPa (b) 100 kPa (c) 216 kPa (d) 290 kPa (e) 315 kPa 


Answer (c) 216 kPa 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

k=1 .33 

Po=400 [kPa] 

"The critical pressure is" 

P_throat=Po*(2/(k+1 )) A (k/(k-1 )) 

"The lowest pressure that will occur in the nozzle is the higher of the critical or atmospheric pressure." 

"Some Wrong Solutions with Common Mistakes:" 

W2_Pthroat=Po*(1/(k+1)) A (k/(k-1)) "Using wrong relation" 

W3_Pthroat=100 "Assuming atmospheric pressure" 


17-164 ■■■ 17-166 Design and Essay Problems 
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Chapter 18 

RENEWABLE ENERGY 


PROPRIETARY AND CONFIDENTIAL 


This Manual is the proprietary property of McGraw-Hill Education and protected by copyright and 
other state and federal laws. By opening and using this Manual the user agrees to the following 
restrictions, and if the recipient does not agree to these restrictions, the Manual should be promptly 
returned unopened to McGraw-Hill Education: This Manual is being provided only to authorized 
professors and instructors for use in preparing for the classes using the affiliated textbook. No 
other use or distribution of this Manual is permitted. This Manual may not be sold and may not 
be distributed to or used by any student or other third party. No part of this Manual may be 
reproduced, displayed or distributed in any form or by any means, electronic or otherwise, 
without the prior written permission of McGraw-Hill Education. 
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Introduction 


18- 1C The concern over the depletion of fossil fuels and pollutant and greenhouse emissions associated by their combustion 
can be tackled by essentially two methods: (/) Using renewable energy sources to replace fossil fuels. (//) Implementing 
energy efficiency practices in all aspects of energy production, distribution, and consumption so that less fuel is used while 
obtaining the same useful output. 


18-2C Main renewable energy sources include solar , wind , hydropower , geothermal , and biomass. Ocean, wave, and tidal 
energies are also renewable sources but they are currently not economical and the technologies are still in the experimental 
stage. 


18-3C Although solar energy is sufficient to meet the entire energy needs of the world, currently it is not economical to do 
so because of the low concentration of solar energy on earth and the high capital cost of harnessing it. 


18-4C Wind is the fastest growing renewable. Hydropower represents the greatest amount of electricity production among 
renewable. 


18-5C We do not agree. The electricity used by the electric cars is generated somewhere else mostly by burning fuel 
and thus emitting pollution. Therefore, each time an electric car consumes 1 kWh of electricity, it bears the 
responsibility for the pollution s emitted as 1 kWh of electricity (plus the conversion and transmission losses) is 
generated elsewhere. The electric cars can be claimed to be zero emission vehicles only when the electricity they 
consume is generated by emission-free renewable resources such as hydroelectric, solar, wind, and geothermal energy. 
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18-6C The conversion of solar energy into other useful forms of enegy can be accomplished by three conversion processes. 
These are heliothermal process, heliothermal process, and helioelectrical process. 


18-7C Solar energy is converted to electricity directly in solar cells while it is first converted to thermal energy in heliostats. 
Heliostats are mirrors that reflect solar radiation into a single receiver. The resulting high temperature thermal energy is 
converted to electricity by a heat engine. 


18-8C Solar energy can be used for cooling applications in summer by absorption cooling systems but they are complex 
devices involving high initial costs. 


18-9C Solar radiation falls in ultraviolet, visible, and infrared regions of spectrum. Most radiation falls in near-infrared 
region. 


18- IOC When solar radiation strikes a surface, part of it is absorbed, part of it is reflected, and the remaining part, if any, is 
transmitted. The transmissivity r, the reflectivity p , and the absorptivity a of a surface for solar energy are the fractions 
of incident solar radiation transmitted, reflected, and absorbed, respectively. For an opaque surface, 

r - 0 and a + p = 1 


18-11C Most solar collectors in operation today are used to produce hot water. 


18-12C A thermosyphon solar water heater system operates on a natural circulation. Water flows through the system when 
warm water rises into the tank as cooler water sinks. An active, closed loop solar water heater uses a pump for the 
circulation of water containing antifreeze fluid. 


18-13C A solar hot water collector may be equipped with an electric resistance heater to provide hot water when solar 
energy is not available. A backup water heater that runs on natural gas or another fuel may also be used. 
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18-14C The efficiency of a flat-plate solar collector is given by 


rj c =ra -U 


r. 


-T 

a 

G 


The efficiency of a solar collector is maximized when the temperature difference between the collector temperature and the 
air temperature T c - T a is zero. In this case, the efficiency is equal to ra . An unglazed collector has the highest maximum 
efficiency as it has the highest value of ra values. This is followed by the single-glazing and double-glazing collectors. 


18-15C The concentration of solar energy is low, and as a result, the temperature of hot water obtainable in a flat-plate 
collector is low (usually under 80°C). Hot fluid (water, steam, air, or another fluid) at much higher temperatures can be 
produced using concentrating collectors by concentrating solar radiation on a smaller area. Temperatures in the receiver of a 
concentrating collector can reach 400°C. 


18-16C The efficiency of a solar system used to produce electricity may be defined as the power produced divided by the 
total solar irradiation. That is, 


7 th, solar 


w. 


out 


w. 


out 


^incident 


A C G 


where A c is the collector surface area receiving solar irradiation and G is the solar irradiation. 


18-17C A promising method of power generation involves collecting and storing solar energy in large artificial lakes a few 
meters deep, called solar ponds. Solar energy is absorbed by all parts of the pond, and the water temperature rises 
everywhere. The top part of the pond, however, loses to the atmosphere much of the heat it absorbs, and as a result, its 
temperature drops. This cool water serves as insulation for the bottom part of the pond and helps trap the energy there. 
Usually, salt is planted at the bottom of the pond to prevent the rise of this hot water to the top. A power plant that uses an 
organic fluid, such as alcohol, as the working fluid can be operated between the top and the bottom portions of the pond. 
The main disadvantage of solar pond power plant is the low thermal efficiency. 


18-18C An ocean thermal energy converter (OTEC) system uses the same principle as a solar pond system but in this case 
the water at the sea or ocean surface is warmer as a result of solar energy absorption. The water at a deeper location is 
cooler. Then, a heat engine can be operated that utilizes the surface warm water as heat source and deep cold water as the 
heat sink. Experiments have been performed for OTEC principle but the results have not been promising due to large 
installation cost and low thermal efficiency. 


18-19C The current density J is defined as the current I over the cell surface area A. The current density flow from n - type 
semiconductor to p-type semiconductor is denoted by J r and called the light-induced recombination current and that from p- 
type to n - type is denoted by J G and called the dark current or reverse saturation current. 


18-20C A photovoltaic system typically consists arrays , which are obtained by connecting modules and modules consists of 
individual cells. 
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18-21 C A house should be designed to receive (a) maximum solar heat in winter (to reduce heating energy consumption) in 
winter-dominated climates and ( b ) minimum solar heat gain in summer (to reduce cooling energy consumption) in summer- 
dominated climates. 


18-22C Dark painted thick masonry walls called trombe walls are commonly used on south sides of passive solar homes to 
absorb solar energy, store it during the day, and release it to the house during the night. The use of trombe wall reduces the 
heating energy consumption of the building in winter. 


12-23C ( a ) The spectral distribution of solar radiation beyond the earth’s atmosphere resembles the energy emitted by a 
black body at 5982°C, with about 39 percent in the visible region (0.4 to 0.7 pm), and the 52 percent in the near infrared 
region (0.7 to 3.5 pm). ( b ) At a solar altitude of 41.8°, the total energy of direct solar radiation incident at sea level on a 
clear day consists of about 3 percent ultraviolet, 38 percent visible, and 59 percent infrared radiation. 


12-24C A device that blocks solar radiation and thus reduces the solar heat gain is called a shading device. External shading 
devices are more effective in reducing the solar heat gain since they intercept sun’s rays before they reach the glazing. The 
solar heat gain through a window can be reduced by as much as 80 percent by exterior shading. Light colored shading 
devices maximize the back reflection and thus minimize the solar gain. Dark colored shades, on the other hand, minimize 
the back refection and thus maximize the solar heat gain. 


12-25C The solar heat gain coefficient (SHGC) is defined as the fraction of incident solar radiation that enters through the 
glazing. The solar heat gain of a glazing relative to the solar heat gain of a reference glazing, typically that of a standard 3 
mm (1/8 in) thick double-strength clear window glass sheet whose SHGC is 0.87, is called the shading coefficient. They are 
related to each other by 


Solar heat gain of product 
Solar heat gain of reference glazing 


SHGC 


SHGC 


ref 


^^ = 1.15xSHGC 
0.87 


For single pane clear glass window, SHGC = 0.87 and SC = 1.0. 


12-26C The SC (shading coefficient) of a device represents the solar heat gain relative to the solar heat gain of a reference 
glazing, typically that of a standard 3 mm (1/8 in) thick double-strength clear window glass sheet whose SHGC is 0.87. The 
shading coefficient of a 3-mm thick clear glass is SC = 1.0 whereas SC = 0.88 for 3-mm thick heat absorbing glass. 


12-27C A window that transmits visible part of the spectrum while absorbing the infrared portion is ideally suited for 
minimizing the air-conditioning load since such windows provide maximum daylighting and minimum solar heat gain. The 
ordinary window glass approximates this behavior remarkably well. 
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12-28C A low-e coating on the inner surface of a window glass reduces both the {a) heat loss in winter and ( b ) heat gain in 
summer. This is because the radiation heat transfer to or from the window is proportional to the emissivity of the inner 
surface of the window. In winter, the window is colder and thus radiation heat loss from the room to the window is low. In 
summer, the window is hotter and the radiation transfer from the window to the room is low. 


18-29 The transmissivity of the glazing and the absorptivity of the absorber plate for a flat-plate solar collector are given. 
The maximum efficiency of the collector is to be determined. 

Properties The transmissivity of glazing and the absorptivity of absorber plate are given in the problem statement. 
Analysis The efficiency of a solar collector is defined as 


7c 


^useful 

^incident 


zoAG-UA{T c -T a ) T -T 

£ — -za-U — - 

AG G 


The collector efficiency is maximum when the collector temperature is equal to the air temperature T c = T a and thus 
T c - T a = 0 . Therefore, 

7c,max = ra = (0.82)(0.94) = 0.771 -77.1 percent 
That is, the maximum efficiency of this collector is 77.1 percent. 


18-30 The characteristics of a flat-plate solar collector and the rate of radiation incident are given. The collector efficiency is 
to be determined. 


Properties The transmissivity of glazing and the absorptivity of absorber plate are given in the problem statement. 
Analysis The efficiency of this solar collector is determined from 


T -T 

rj =za-U c a 


G 

= (0.86X0.95) - (3 W/m 2 • °C) (45 ~ 23) °f 

750 W/m- 

= 0.729 = 72.9percent 

That is, the efficiency of this collector is 72.9 percent. 
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18-31E The characteristics of a flat-plate solar collector and the rate of solar radiation incident are given. The collector 
efficiency is to be determined. 

Properties The product of transmissivity of glazing and the absorptivity of absorber plate is given in the problem statement. 
Analysis {a) The efficiency of single-glazing solar collector is determined from 


ij c =za-U 


T -T 

c a 

G 


= (0.85) - (0.5 Btu/h • ft 2 • °F) (12 ° 6?) ° F 


260 Btu/h ft 


= 0.748 = 74.8percent 

( b ) The efficiency of double-glazing solar collector is determined similarly as 


?j =ra-U 


T -T 

± c M a 

G 


= (0.80) -(0.3 Btu/h- ft 2 • °F) (12 ° 6?) F 


260 Btu/h ft 


= 0.739 = 73.9 percent 

The efficiency of single-glazing collector is slightly greater than that of double-glazing collector. 


18-32 A flat-plate solar collector is used to produce hot water. The characteristics of a flat-plate solar collector and the rate 
of radiation incident are given. The temperature of hot water provided by the collector is to be determined. 

Properties The product of transmissivity of glazing and the absorptivity of absorber plate is given in the problem statement. 
The density of water is 1000 kg/m and its specific heat is 4.18 kJ/kg-°C. 

Analysis The total rate of solar radiation incident on the collector is 
^incident = AG = (33 m 2 )(880 W/m 2 ) = 29,040 W 
The mass flow rate of water is 

m = pV = (1 L/kg)(6.3 / 60 L/s) = 0. 105 kg/s 


The rate of useful heat transferred to the water is determined from the definition of collector efficiency to be 


n c = > Qusdui = ^incident = (0.70)(29,040 W) = 20,328 W 

^incident 


Then the temperature of hot water provided by the collector is determined from 

^useful — p (T Wt0ut ~ ^vv,i n ) 

20,328 W = (0.105 kg/s)(4.28kJ/kg • °C)(r vi; out - 18)°C 

T t =64.3°C 

w,out w w w 

That is, this collector is supplying water at 64.3 °C. 
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18-33E A flat-plate solar collector is considered. The collector efficiency for a given water inlet temperature and the water 
temperature for a collector efficiency of zero are to be determined. 

Properties The transmissivity of glazing and the absorptivity of absorber plate are given in the problem statement. 

Analysis ( a ) The efficiency of single-glazing solar collector is determined from 


* 7 < 


= F r K TC( tcx — F 


R 


u 


T -T 

w,in a 

G 


= (0.92X1X0.88X0.97) - (0.92X1.3 Btu/h • ft 2 • °F) 


(115 -60)°F 
210 Btu/h -ft 2 


= 0.472 = 47.2 percent 


( b ) Setting the collector efficiency zero in the efficiency relation gives 


T -T 

r IS r 77 10,111 -* a A 

FrK^tcc-FrU = 0 


G 


F R K Ta TCC = F R U 


T -T 

vo,i n a 

G 


9 (T w : n -60)°F 

(0.92)(1)(0.88)(0.97) = (0.92)(1.3 Btu/h • t 2 • °F) ’ 


210 Btu/h -ft 


= 0 


T = 1 98°F 

10,111 


18-34 The characteristics of a concentrating solar collector are given. The collector efficiency is to be determined. 
Analysis The efficiency of this solar collector is determined from 


Vc =r !ar 


- U Tc - T “ = 0.93 - (4 W/m 2 
CRxG 


•°C) 


(130 - 20)°C 
(15)(520 W/m 2 ) 


= 0.874 = 87. 4percent 


That is, the efficiency of this collector is 87.4 percent. 


18-35 A solar power plant utilizing parabolic trough collectors is considered. The power generated is to be determined. 

Analysis The efficiency of a solar power plant is defined as the power produced divided by the total solar irradiation. That 

is, 

W W 

_ vv out _ vv out 
i th,solar ' a 

^incident A :*- 7 

Solving for the power output, 

w 0ul = // th , okll AC = (0.08X2500 m 2 )(0.700 kW/m 2 ) = 1 40 kW 
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18-36 A solar pond power plant with specified temperatures and thermal efficiency is considered. The second-law efficiency 
of the power plant power is to be determined. 


Analysis The maximum thermal efficiency of this power plant is equal to 
Carnot efficiency, and is determined from 


t T l t (30 + 273) K 

/7 th max — 1 — 1 

’ T h (75 + 273) K 


0.1293 


The second-law efficiency is the ratio of actual thermal efficiency to the 
maximum thermal efficiency: 



>7 th ,max 


0.036 

0.1293 


- 0.278 = 27.8percent 



W. 


out 


. 6 % 
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18-10 


18-37 A solar -power-tower plant is considered. The power output and thermal efficiency of the plant, the annual electricity 
production, and the cost of the plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) Using the turbine isentropic efficiency, the steam properties at the inlet and exit of the turbine are determined as 
follows: (Tables A-4E, A-5E, and A-6E), 


P x =160 psia 
T, = 600°F 

P 2 = 2 psia 
h] — h 

It = 


h x = 1325.2 Btu/lbm 
s x =1.7037 Btu/lbm- R 


h 2s =989.43 Btu/lbm 


h l ~ h 2s 


J >h 2 = h 1 -Ji T {hi -h 2s ) 

= 1325.2 - (0.88)(l325.2 - 989.43)= 1029.7 Btu/lbm 


Then the power output is 


W out =mO \ - /i 2 ) = ( 1 5 x 3600 I bm/h ft 1 325.2 - I 029.7 ) B tu/1 bm = 1 . 596 x I O 7 Btu/h 


= (1.596xl0 7 Btu/h 


lkW 


= 4677kW 

\3412. 14Btu/h 

The thermal efficiency of this power plant is equal to power output divided by the total solar incident on the heliostats: 


W, 


7th = 


out 


1.596x 10 7 Btu/h 


AG (400,000 ft 2 )(250 Btu/h • ft 2 ) 


= 0.1596 = 16.0% 


f lkWh 

f lm2 1 

V3600kj J 

v 10. 764 ft 2 y 


( b ) The solar data for Houston, Texas is given in Table 18-4. The daily average solar irradiation for an entire year on a 
horizontal surface is given to be 15.90 MJ/m -day. Multiplying this value with 365 days of the year gives an estimate of total 
solar irradiation on the heliostat surfaces. Using the definition of the thermal efficiency, 

Wout = IthwgAG 

= (0. 12)(400,000 ft 2 )(1 5,900 kJ/m 2 • day)(365 days) 

= 7.189xl0 6 kWh 

This is total power output from the turbine. The electrical energy output from the generator is 
Select = ?7gcnWout = (0.98)(7.189 x 10 6 kWh) = 7.045X 1 0 6 kWh 

(c) The total cost of this power plant is 

Plant cost = Unit cost x W (ml = 1$ 1 7.000/ kW)( 4677 kW) = $7,949 x 1 0 7 

The annual revenue from selling the electricity produced is 

Annual revenue = W oui x Unit price x Operating hours 
= (4677 kW)($0. 1 1 / kW)(4500 h) 

= $2.315xl0 6 /year 
The simple payback period is then 

Plant cost $7.949xl0 7 


Payback period = 


= 34.3 years 


Annual revenue $2.3 15 x 10 6 /year 
That is, this plant pays for itself in 34 years, which is not unexpected for solar power plants. 
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18-11 

18-38 A solar cell with a specified value of open circuit voltage is considered. The current output density, the load voltage 
for maximum power output, and the maximum power output of the cell for a unit cell area are to be determined. 

Analysis (a) The current output density is determined from Eq. 18-18 to be 


V =^ln 


OC 


J 


\Jq 


+ 1 


>-23 


Q55V _ (1.381x10— J/K)(298K) ^ 
1.6 x 10 -19 J/V 

J 0 = 3.676 A/m 2 


f 


J 


U-9xl0“ 9 A/m 2 


+ 1 


( b ) The load voltage at which the power output is maximum is determined from Eq. 18-22 to be 


exp 


kT 


i + j s Uq 

e V 

o max 


1 + 


kT 


exp 


(1.6 x 10~ 19 J/V)V . 


max 


(1.381 x 1CT 23 J/K)(298 K) 


1 + (3.676 A/m 2 / 1.9x10^ A/m 2 ) 


1 + 


(i.6xicr 19 j/v)Y m . 


max 


(1.381 xlO -23 J/K)(298K) 

V_ = 0.4737 V 


max 


(c) The maximum power output of the cell for a unit cell area is determined from 
V 17 +J a ) (0.4737 V)(3.676 A/m 2 )(1 .9 xio -9 A/m 2 ) 


w 

f max 


1 + 


kT 


(1.381 xlO' 23 J/K)( 298 K) 


= 1.652W/m a 


e V 

o max 


1 + 


(1.6 x 10 -19 J/V)(0.4737 V) 
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18-12 

18-39 A solar cell with a specified value of open circuit voltage is considered. The power output and the efficiency of the 
cell are to be determined. 

Analysis The current output density is determined from Eq. 18-18 to be 

r . N \ 


V =^ln 


OC 


A + i 

v J ° J 

060V _ (1.381 x 10- 23 J/K)(300K) ln 
1.6xl0~ 19 J/V 
/„ = 45. 12 A/m 2 


f 


J 


^3.9xl0^ 9 A/m 


+ 1 


The power output is 


W = VAJ S - VAJ a 


exp 


K kT , 


-1 


= (0.52 V)(28m 2 )(45. 12 A/m 2 ) - (0.52 V)(28 m 2 )(3.9 x 10~ 9 A/m 2 ) 


= 627 W 

The efficiency of the cell is 

W 627 W 


exp 

' (1.6xl0 -19 J/V)(0.52V) ' 

-1 

v (1 .38 1 x 10~ 23 J/K)(300K) y 




*7th = 


AG (28 m 2 )(485 W/m 2 ) 


= 0.0462 = 4.62percent 
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18-13 

18-40E A solar cell with a specified value of open circuit voltage is considered. The load voltage for maximum power 
output, the efficiency of the cell, and the cell area for a given power output are to be determined. 

Analysis (a) The current output density is determined from Eq. 18-18 to be 


kT I 

V oc - — In f- + l 

^ o V J o 


s r\ \ t (1-381 x KT 2 - 3 J/K)[(75 - 32) / 1.8 + 273.15] K , 
0.60 V = — In 

1.6 x 10 -19 J/V 


4.11xlO-A/t 2 0°™* 

lm 2 


J s =64.48 A/m- 

The load voltage at which the power output is maximum is determined from Eq. 18-22 to be 


e V 3 1 + 7/7 

v max _ x ^ u s ' J o 

kT e V 

/Ci / 1,0 max 


(l.exio-^j/vw^ 

(1.381 x 1(T 23 J/K)[(75 - 32)/ 1.8 + 273.15] K 


1 + (64.48 A/m 2 )/ 4.1 1 x 1(T 10 A/ft 2 10J64& 

_ l lm ~ J 

1 + (1.6x10 J/V) V max 

(1.381 x 10- 23 J/K)[(75 - 32)/1.8 + 273.15] K 


V =0. 5215V 

max 1 ** 


(/?) The load current density J L is determined from 


e V l 

= 7 , - 7 , =J S -J 0 ex P -jzr - 1 


= (64.48 A/m 2 ) - 4.11xl 0 - A/ft 2 eX p f x 10 19 J/VXQ.56 V) 

t lm 2 JJ LU L381xl ° J/K )K 75 “ 32 ) /L8 + 273 - 15 ] K 

= 50.93 A/m 2 


The power output is 

W = J L V = (50.93 A/m 2 )(0.56 V) = 28.52 W/m 2 
The efficiency of the cell is 


77th = G = 


28.52 W/m 2 

(220 Btu/h • ft 2 )f 

0.3171Btu/h- ft 


= 0.041 1 = 4.1 Ipercent 


(c) Finally, the cell area for a power output of 500 W is 


^ Wtoial 500 W 10.764ft , ;188 7ft 2 

W 28.52 W/m 2 lm 2 
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18-14 

18-41E A solar cell with a specified value of open circuit voltage is considered. The maximum conversion efficiency of the 
solar cell is to be determined. 

Analysis The current output density is determined from Eq. 18-18 to be 


kT 

Voc=— In 

e o 


^ + 1 

j 


r\ rr\ (1-381 x 1(T 23 J/K)[(75 - 32) / 1.8 + 273.15] K , 
0.60 V = — In 

1.6 x 10 -19 J/V 


7. = 64.48 A/m 


J 


4.1 1 x 10 -10 A/fi 2 


f 2 ^ 


+ 1 


10.764 £ 


J J 


The load voltage at which the power output is maximum is determined from Eq. 18-22 to be 

( „ \7 \ 

exp 


e V 

o max 


kT 


1 + J s Uo 


1 + 


e V 

o max 

kT 


exp 


(1.6 x 10~ 19 J/V)V m . 


1 + (64.48 A/m 2 )/ 


max 


(1.381 x 10~ 23 J/K)[(75 - 32)/1.8 + 273.15] K 


4.1 1 x 10 10 A/ft 2 


f 10.764ft 2 3 
lm 2 


1 + 


(1.6 x 10 -19 J/V)V m . 


max 


(1.381 x 1(T 23 J/K)[(75 - 32) /1.8 + 273.15] K 

V™ =0.5215V 


max 


The maximum conversion efficiency of this solar cell is determined from 

^max (J s + J o) 


7 cell, max 


i + -^- 
e V 

V o max J 


(0.5215 VX64.48 A/m 2 ) + 

4. llx 10 10 A/ft 2 

10. 764 ft 2 ^ 


, lm 2 j 

(220Btu/h- ft 2 ) 

/ 9 \ 

1 W/m 2 

f 

1 + 

V 

(1 .38 1 x 10- 23 J/K)[(75 - 32) / 1 .8 + 273.15] 

v 0.3171Btu/h- ft 2 

(1.6 xlO -19 J/VX0.5215V) j 


= 0.04619 = 4.62percent 


18-42 The thermal efficiency of a solar car using solar cells is to be determined. 
Analysis The thermal efficiency of the solar car is determined from 


W 

n± ~AG 


540 W 

(8 m 2 )(860 W/m 2 ) 


= 0.0785 = 7.85 percent 
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18-15 

18-43 A building located near 40° N latitude has equal window areas on all four sides. The side of the building with the 
highest solar heat gain in summer is to be determined. 

Assumptions The shading coefficients of windows on all sides of the building are identical. 

Analysis The reflective films should be installed on the side that receives the most incident solar radiation in summer since 
the window areas and the shading coefficients on all four sides are identical. The incident solar radiation at different 
windows in July are given to be (Table 18-3) 


Month 

Time 

2 

The daily total solar radiation incident on the surface, Wh/m 

North 

East 

South 

West 

July 

Daily total 

1621 

4313 

2552 

4313 


Therefore, the reflective film should be installed on the East or West windows (instead of the South windows) in order to 
minimize the solar heat gain and thus the cooling load of the building. 
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18-16 


18-44 The net annual cost savings due to installing reflective coating on the West windows of a building and the simple 
payback period are to be determined. 


Assumptions 1 The calculations given below are for an average year. 2 
The unit costs of electricity and natural gas remain constant. 

Analysis Using the daily averages for each month and noting the number 
of days of each month, the total solar heat flux incident on the glazing 
during summer and winter months are determined to be 

Gsoiar, summer = 4.24x30+ 4.16x31+ 3.93x31+3.48x30 

= 482 kWh/year 

Qsoiar,winter = 2.94x31+ 2.33x30+2.07x31+2.35x31+3.03x28+3.62x31+4.00x30 
= 615 kWh/year 

Then the decrease in the annual cooling load and the increase in the 
annual heating load due to reflective film become 


Glass 



Reflective 
film 


Reflected 


Cooling load decrease — (9 S olar, summer ^glazing (SHGC without film “ SHGC with film) 

= (482 kWh/year) (60 m 2 )(0.766-0.35) 

= 12,031 kWh/year 

Heating load increase — (7 S oiar, winter -^glazing (SHGC W jth 0 ut fn m - SHGC W jth film) 

= (615 kWh/year) (60 m 2 )(0.766-0.35) 

= 15,350 kWh/year = 523.7 therms/year 

since 1 therm = 29.31 kWh. The corresponding decrease in cooling costs and increase in heating costs are 
Decrease in cooling costs = (Cooling load decrease)(Unit cost of electricity)/COP 

= (12,031 kWh/year)($0. 15/kWh)/3.2 = $564/year 
Increase in heating costs = (Heating load increase)(Unit cost of fuel)/Efficiency 

= (523.7 therms/year)($0.90/therm)/0.90 = $524/year 
Then the net annual cost savings due to reflective films become 

Cost Savings = Decrease in cooling costs - Increase in heating costs = $564 - 524 = $40/year 
The implementation cost of installing films is 

Implementation Cost = ($15/m 2 )(60 m 2 ) = $900 
This gives a simple payback period of 

Implementation cost $900 


Transmitted 


Simple payback period = 


Annual cost savings $40/year 


= 22.5 years 


Discussion The reflective films will pay for themselves in this case in about 23 years, which is unacceptable to most 
manufacturers since they are not usually interested in any energy conservation measure which does not pay for itself within 3 
years. 
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18-45 A house located at 40°N latitude has ordinary double pane windows. The total solar heat gain of the house at 9:00, 
12:00, and 15:00 solar time in July and the total amount of solar heat gain per day for an average day in January are to be 
determined. 

Assumptions The calculations are performed for an average day in a given month. 

Properties The shading coefficient of a double pane window with 6-mm thick glasses is SC = 0.82 (Table 18-6). The 
incident radiation at different windows at different times are given as (Table 8-3) 


Month 

Time 

2 

Solar radiation incident on the surface, W/m" 

North 

East 

South 

West 

July 

9:00 

117 

701 

190 

114 

July 

12:00 

138 

149 

395 

149 

July 

15:00 

117 

114 

190 

701 

January 

Daily total 

446 

1863 

5897 

1863 


Analysis The solar heat gain coefficient (SHGC) of the windows is determined from Eq. 12-57 to be 
SHGC = 0.87xSC = 0.87x0.82 = 0.7134 
The rate of solar heat gain is determined from 


Ssolargain SHGC X Ag^ az j n g X {/solar, incident 
— 0.71 34 X A glazing X (/solar, incident 


Then the rates of heat gain at the 4 walls at 3 different times in July become 


North wall. 

4oiar g am,9:00 = 0.7 1 34 x ( 4 m 2 ) x (1 1 7 W/m 2 ) = 334 W 
0 S oiar gai n,i2OO = 0.7 1 34 x ( 4 m 2 ) x (138 W/m 2 ) = 394 W 
Gsciargainasoo = 0.7134 x (4 m 2 ) x (1 17 W/m 2 ) = 334 W 
East wall : 

<2soiargain,9:00 = 0.7 1 34 x (6 m 2 ) x (70 1 W/m 2 ) = 3001 W 
e S 0 iar gai „.i 200 = 0.7 1 34 x (6 m 2 ) x ( 149 W/m 2 ) = 638 W 
2solargain,l 5:00 = 0.7134 x (6 m 2 ) x (1 14 W/m 2 ) = 488 W 
South wall : 

0soiargain,9:OO = 0.7 1 34 x (8 m 2 ) x (190 W/m 2 ) = 1084 W 
Gsoiargain.1200 = 0.7 134 x (8 m 2 ) x (395 W/m 2 ) = 2254 W 
<2 S oiargain, isoo = 0.7 1 34 x (8 m 2 ) x (190 W/m 2 ) =1084 W 
West wall : 

<2soiargain,9:00 = 0.7 1 34 x (6 m 2 ) x (1 14 W/m 2 ) = 488 W 
e s oiar gai n,i200 = 0.7134 x (6 m 2 ) x ( 149 W/m 2 ) = 638 W 
GsoiargaiMSOO = 0.7134x (6 m 2 ) x (701 W/m 2 )= 3001 W 



Similarly, the solar heat gain of the house through all of the windows in January is determined to be 
January'. 
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Gsoiargain, North =0.7134x (4m 2 ) X (446 Wh/ m 2 • day) = 1273 Wh/day 
e so iargain£as, = 0.7 1 34 x (6 m 2 ) x ( 1 863 Wh/m 2 • day) = 7974 Wh/day 
Gsoiargain, South = 0.7134 x (8 m 2 ) x (5897 Wh/m 2 • day) = 33,655 Wh/day 
Gsoiargain.West = 0.7134 x (6 m 2 ) x (1863 Wh/m 2 • day) = 7974 Wh/day 

Therefore, for an average day in January, 

Qsoiargainperday = 1273 + 7974 + 33,655 + 7974 = 58,876 Wh/day = 58.9kWh/day 
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18-46 A house located at 40° N latitude has gray-tinted double pane windows. The total solar heat gain of the house at 9:00, 
12:00, and 15:00 solar time in July and the total amount of solar heat gain per day for an average day in January are to be 
determined. 

Assumptions The calculations are performed for an average day in a given month. 

Properties The shading coefficient of a gray-tinted double pane window with 6-mm thick glasses is SC = 0.58 (Table 18-6). 
The incident radiation at different windows at different times are given as (Table 18-3) 


Month 

Time 

2 

Solar radiation incident on the surface, W/m" 

North 

East 

South 

West 

July 

9:00 

117 

701 

190 

114 

July 

12:00 

138 

149 

395 

149 

July 

15:00 

117 

114 

190 

701 

January 

Daily total 

446 

1863 

5897 

1863 


Analysis The solar heat gain coefficient (SHGC) of the windows is determined from Eq.l 1 -57 to be 
SHGC = 0.87xSC = 0.87x0.58 = 0.5046 
The rate of solar heat gain is determined from 


£2solargain SHGC X Agj az j n g X *7 solar, incident 0.5046 X A^^zmg x *7 solar, incident 


Then the rates of heat gain at the 4 walls at 3 different times in July become 
North wall : 


t?soiar g ain, 9:00 = 0.5046 x ( 4 m 2 ) x (1 1 7 W/m 2 ) = 236 W 
t?soiar g ain,i200 = 0.5046 x ( 4 m 2 ) x (138 W/m 2 ) = 279 W 
Csolargain,! 5:00 = 0.5046 X ( 4 m 2 ) X ( 1 1 7 W/m 2 ) = 236 W 
East wall : 

Gsolar gain, 9:00 = 0.5046 x (6 m 2 ) X (70 1 W/m 2 ) = 2122 W 
t?solargain,1200 = 0-5046 x (6 m 2 ) x ( 149 W/m 2 ) = 451 W 
Gsolar gain, 15:00 = 0-5046 x (6 m 2 ) X ( 1 14 W/m 2 ) = 345 W 
South wall : 

<2 so largain,9:00 = 0.50 46 x (8 m 2 ) x (190 W/m 2 ) =767 W 
e s oiargain,i200 = 0.5046 x (8 m 2 ) x (395 W/m 2 ) =1595 W 
<2 S oiargain,i 5:00 = 0-5046 x (8 m 2 ) x (190 W/m 2 ) = 767 W 
West wall: 

Q s oiargain,9:00 = 0-5046 x (6 m 2 ) x (1 14 W/m 2 ) = 345 W 
esoiargan.,1200 = 0.5046 x (6 m 2 ) x ( 149 W/m 2 ) = 451 W 
<2 S oiar gai n, 15:00 = 0.5046 x (6 m 2 ) x (701 W/m 2 )= 2122 W 



Similarly, the solar heat gain of the house through all of the windows in January is determined to be 
January : 
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Gsoiargain, North = 0.5046 x (4 m 2 ) x (446 Wh/m 2 - day) =900 Wh/day 
e so iargain£a St = 0.5046 x (6 m 2 ) x (1 863 Wh/m 2 -day) =5640 Wh/day 
Gsoiargain, South = 0.5046 x (8m 2 ) x (5897 Wh/m 2 -day) =23,805 Wh/day 
Gsoiargain.West = 0.5046 x (6 m 2 ) x (1 863 Wh/m 2 • day) = 5640 Wh/day 

Therefore, for an average day in January, 

Gsoiargainperday =900 + 5640 + 23,805 + 5640 = 35,985 Wh/day = 35.895 kWh/day 
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18-47 A building at 40° N latitude has double pane heat absorbing type windows that are equipped with light colored 
Venetian blinds. The total solar heat gains of the building through the south windows at solar noon in April for the cases of 
with and without the blinds are to be determined. 


Assumptions The calculations are performed for an “average” day in April, and may vary from location to location. 

Properties The shading coefficient of a double pane heat absorbing type windows is SC = 0.58 (Table 18-6). It is given to be 

2 

SC = 0.30 in the case of blinds. The solar radiation incident at a South-facing surface at 12:00 noon in April is 559 W/m 
(Table 18-3). 

Analysis The solar heat gain coefficient (SHGC) of the windows without the blinds is determined from 
SHGC = 0.87xSC = 0.87x0.58 = 0.5046 


Then the rate of solar heat gain through the window becomes 


Ssolargain, no blinds 


SHGC X A glazing X ^solar, incident 


= 0.5046(76 m 2 )(559 W/m 2 ) 

= 21,440 W 


In the case of windows equipped with Venetian blinds, 
the SHGC and the rate of solar heat gain become 


SHGC = 0.87xSC = 0.87x0.30 = 0.261 


Then the rate of solar heat gain through the window becomes 


^solargain, no blinds 


SHGC X A glazing X ^ solar, incident 


= 0.261(76 m 2 )(559 W/m 2 ) 


= 11,090 W 




Discussion Note that light colored Venetian blinds significantly reduce the solar heat, and thus air-conditioning load in 
summers. 
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18-48 A house has double door type windows that are double pane with 6.4 mm of air space and aluminum frames and 
spacers. It is to be determined if the house is losing more or less heat than it is gaining from the sun through an east window 
in a typical day in January. 

Assumptions 1 The calculations are performed for an “average” day in January. 2 Solar data at 40° latitude can also be used 
for a location at 39° latitude. 


Properties The shading coefficient of a double pane window with 3-mm thick clear glass is SC = 0.88 (Table 18-6). The 
overall heat transfer coefficient for double door type windows that are double pane with 6.4 mm of air space and aluminum 
frames and spacers is 4.55 W/m~.°C. The total solar radiation incident at an East-facing surface in January during a typical 
day is 1863 Wh/m 2 (Table 18-3). 


Analysis The solar heat gain coefficient (SHGC) of the windows is 
determined from 

SHGC = 0.87xSC = 0.87x0.88 = 0.7656 

Then the solar heat gain through the window per unit area 
becomes 


^solargain SHGC X Agj az j n g X ^soiaj-dajiy totd 

- 0.7656(1 m 2 )(1863 Wh/m 2 ) 

= 1426 Wh = 1.426 kWh 

The heat loss through a unit area of the window during a 24 -h period is 


^loss, 


window 


£2loss, window^ ^ window^window ^ i -^0, ave )(1 day) 

(4.55 W/m 2 • °C)(1 m 2 )(22 — 10)°C(24 h) 

1310 Wh = 1.31 kWh 



Therefore, the house is loosing less heat than it is gaining through the East windows during a typical day in January. 
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18-49 A house has double door type windows that are double pane with 6.4 mm of air space and aluminum frames and 
spacers. It is to be determined if the house is losing more or less heat than it is gaining from the sun through a South window 
in a typical day in January. 

Assumptions 1 The calculations are performed for an “average” day in January. 2 Solar data at 40° latitude can also be used 
for a location at 39° latitude. 


Properties The shading coefficient of a double pane window with 3-mm thick clear glass is SC = 0.88 (Table 18-6). The 
overall heat transfer coefficient for double door type windows that are double pane with 6.4 mm of air space and aluminum 
frames and spacers is 4.55 W/m~.°C. The total solar radiation incident at a South-facing surface in January during a typical 
day is 5897 Wh/m 2 (Table 18-3). 


Analysis The solar heat gain coefficient (SHGC) of the windows is 
determined from 


SHGC = 0.87xSC = 0.87x0.88 = 0.7656 
Then the solar heat gain through the window per unit area becomes 

2solargain — SHGC X Ag^^g X ^so^daily toti 

= 0.7656(1 m 2 )(5897 Wh/m 2 ) 

= 4515 Wh= 4.515 kWh 

The heat loss through a unit area of the window during a 24 -h period is 


^loss, window 


^loss, window^ ^window^window^-^/ -^0, ave )(1 day) 


= (4.55 W/m 2 • °C)(1 m z )(22 - 10)°C(24 h) 

= 1310 Wh = 1.31kWh 



Therefore, the house is loosing much less heat than it is 


gaining through the South windows during a typical day in January. 
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18-24 


18-50E A house has 1/8-in thick single pane windows with aluminum frames on a West wall. The rate of net heat gain (or 
loss) through the window at 3 PM during a typical day in January is to be determined. 

Assumptions 1 The calculations are performed for an “average” day in January. 2 The frame area relative to glazing area is 
small so that the glazing area can be taken to be the same as the window area. 

Properties The shading coefficient of a 1/8-in thick single pane window is SC = 1.0 (Table 18-6). The overall heat transfer 
coefficient for 1/8-in thick single pane windows with aluminum frames is 6.63 W/nT.°C =1.17 Btu/h.fr.°F. The total solar 
radiation incident at a West-facing surface at 3 PM in January during a typical day is 557 W/m =177 Btu/h.ft (Table 18-3). 

Analysis The solar heat gain coefficient (SHGC) of the windows is determined from 


SHGC = 0.87xSC = 0.87x1.0 = 0.87 


The window area is: A window = (9 ft)(15 ft) = 135 ft 

Then the rate of solar heat gain through the window at 3 PM becomes 

2solargain,3PM “ SHGC X A glazing X g solar 3PM 

= 0.87(135 ft 2 )(177 Btu/h.ft 2 ) 

= 20,789 Btu/h 


The rate of heat loss through the window at 3 PM is 


^loss, window 


^window^window^/ -^C)) 


= (1.17 Btu/h • ft 2 • °F)(1 35 ft 2 )(78 - 20)°F 
= 9161 Btu/h 



The house will be gaining heat at 3 PM since the solar heat gain is larger than the heat loss. The rate of net heat gain through 
the window is 

Gnet =G s olargain,3PM -Glo S s.window = 2 0^89-9161 = ll,630Btu/h 

Discussion The actual heat gain will be less because of the area occupied by the window frame. 
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Wind Energy 


18-25 


18-51C Windmill is used for mechanical power generation (grinding grain, pumping water, etc.) but wind turbine is used for 
electrical power generation, although technically both devices are turbines since they extract energy from the fluid. 


18-52C Theoretically, electricity can be generated at all wind speeds but for economical power generation, the minimum 
wimd speed should be about 6 m/s. 


18-53C Cut-in speed is the minimum wind speed at which useful power can be generated. Rated speed is the wind speed that 
delivers the rated power, usually the maximum power. Cut-out speed is the maximum wind speed at which the wind turbine 
is designed to produce power. At wind speeds greater than the cut-out speed, the turbine blades are stopped by some type of 
braking mechanism to avoid damage and for safety issues. 


18-54C The wind power potential is given by 

1 3 

^available = 

where p is the density of air, A is the blade span area of the wind turbine, and V is the wind velocity. The power potential of 
a wind turbine is proportional to the density of air, and the density of air is inversely proportional to air temperature through 
P 

the relation p = . Therefore, the location with cooler air has more wind power potential. Note that both locations are at 

the same pressure since they are at the same altitude. 


18-55C The wind power potential is given by 

1 i 

^available = ~P AV 

potential of 
through the 

more wind 

power potential. 


where p is the density of air, A is the blade span area of the wind turbine, and V is the wind velocity. The power 
a wind turbine is proportional to the density of air and the density of air is proportional to atmospheric pressure 
P 

relation p . Since atmospheric pressure is higher at a lower altitude, the location at higher altitude has 


18-56C As a general rule of thumb, a location is considered poor for construction of wind turbines if the average wind 
power density is less than about 100 W/m , good if it is around 400 W/m , and great if it is greater than about 700 W/m . 
Therefore, we recommend wind turbine installation in site B and site C only. 
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18-26 


18-57C The overall wind turbine efficiency is defined as 


7 


wt,overall 


w. 


electric 




available 


^electric 

-pAV 3 

2 


where W electric is electric power output, p is density of air, A is blade span area, and V is wind velocity. The overall wind 
turbine efficiency is related to wind turbine efficiency as 

^ „ _ ^shaft ^electric _ ^electric 

'/ wt, overall — '/wt'/ gearbox /generator — * * — * 

"available .shaft "available 


where /7 ge arbox/generator is the gearbox/generator efficiency. 


18-58C The theoretical limit for wind turbine efficiency based on the second law of thermodynamics is 100 percent. This 
represents the conversion of entire kinetic energy of wind into work. This would be the case only when the velocity of air at 
the turbine exit is zero. This is not possible for practical reasons because air must be taken away at the turbine exit to 
maintain the mass flow through the turbine. Therefore, there is a limit for wind turbine efficiency which is less than 100 
percent, and this is called the Betz limit. The Betz limit is calculated to be 0.5926. 


18-59C Turbine A: The given efficiency (41 percent) is possible and realistic. Turbine B: The given efficiency (59 percent) 
is possible because it is less than Betz limit but is not probable. Turbine C: The given efficiency (67 percent) is not possible 
because it is greater than the Betz limit. 


18-60 The wind power potential of a wind turbine at a specified wind speed is to be determined. 
Assumptions Wind flows steadily at the specified speed. 

Properties The gas constant of air is R = 0.287 kJ/kg-K. 

Analysis The density of air is determined from the ideal gas relation to be 


P = 


P 


(96 kPa) 


= 1.1 30 kg/m 


RT (0.287 kPa • m 3 /kg • K)(296 K) 

The blade span area is 

A = ttD 2 /4 = tt(50 m) 2 / 4 = 1963 m 2 
Then the wind power potential is 

^available = ^P Av i = \ (1. 130 kg/m 3 )(1963 m 2 )(7.5 m/s) 3 


lkJ/kg 


1000 m 2 /s 2 ; 


= 468kW 
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18-27 

18-61 Average wind power density values are given for two locations. The average wind speed in these locations are to be 
determined. 

Properties The density of air is given to be p = 1.18 kg/m . 

Analysis The relation for wind power density is 

WPD = — pV 3 
2 

Solving for wind velocity at the two locations, we obtain 

WFD, = -pV? > 200 W/m 2 =-(1.18kg/m 3 )V 1 3 > V 7 , =6.97m/s 

WPD 2 = -pV 2 > 400 W/m 2 =-(1.18 kg/m 3 )V 2 3 > V 2 =8.79m/s 

2 2 


18-62 A wind turbine is to generate power with a specified wind speed. The average electric power output, the amount of 
electricity produced, and the revenue generated are to be determined. 

Assumptions Wind flows steadily at the specified speed. 

Properties The density of air is given to be p = 1.3 kg/m . 

Analysis ( a ) The blade span area is 

A = 7tD 2 14 = 7i(25 m) 2 / 4 = 490.9 m 2 
The wind power potential is 


^available = \p^x =\ d • 3 kg/m 3 )(490.9 m 2 )(6 m/s) 3 


lkJ/kg 2 
1000 m 2 /s 2 , 


68.92 kW 


The electric power generated is 

^electric = V wt.ovemll^kavailable = (0.34)(68.92 kW) = 23.43KW 


(b) The amount of electricity produced is determined from 

^electric = ^electric x Operating hours = (23.43 kW)(8000 h) = 1 87,500kWh 

(c) The revenue generated is 

Revenue = W electlic x Unit price of electricity = (187,500 kWh)($0. 09/kWh) = $1 6,900 
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18-28 


18-63 A wind turbine generates a certain amount of electricity during a week period. The average wind speed during this 
period is to be determined. 

Properties The density of air is given to be p = 1.16 kg/m . 

Analysis The total operating hours during a week period is 
Operating hours = 7x24h=168h 
The average rate of electricity production is 




W. 


electric 


electric 


Operating hours 


11,000 kWh 
168h 


= 65.48 kW 


The available wind power is 


W. 


available 




electric 


wt, overall 


65.48 kW 
0.28 


233.8 kW 


The blade span area is 

A = ttD 2 1 4 = /r(40 m) 2 / 4 = 1257 m 2 


Finally, the average wind speed is determined from the definition of available wind power to be 

^avai,able = ^MV 3 

233. 8kW = — (1.16kg/m 3 )(1257 m 2 )V 3 f lkJ/k f - 
2 V1000 m 2 /s 2 

V = 6.85 m/s 
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18-29 

18-64E A wind turbine is to generate power with two specified wind speeds. The amount of electricity that can be produced 
by the turbine and the blade tip speed are to be determined. 

Assumptions Wind flows steadily at the specified speeds. 

Properties The density of air is given to be p - 0.075 lbm/ft . 

Analysis The blade span area is 

A=7rD 2 /4 = ;r(185ft) 2 /4 = 26,880ft 2 

The wind power potential at the wind speed of 16 ft/s is 

1,1 , , J IkW ^ 

^available! = -pAV? = - (0.075 lbm/ft 3 )(26,880 ft 2 )(16 ft/s) 3 — = 174.0 kW 

2 2 ^23,7301bm- ft 2 /s 3 J 

The wind power potential at the wind speed of 24 ft/s is 

1,1 , , J IkW 

W 3 avaiiabie 2 =TP 4 ^ 2 '=- (0.075 lbm/ft 3 )(26,880 ft 2 )(24 ft/s) 3 — = 587.2 kW 

2 2 l v 23,7301bm- ft /s y 

The overall wind turbine efficiency at a wind speed of 16 ft/s is 

? 7wt,overall,l = ? 7wt,l ? 7gen = (0.30X0.93) = 0.2790 

The overall wind turbine efficiency at a wind speed of 24 ft/s is 

? 7wt,overall.2 = ^wt^gcn = (0.35X0.93) = 0.3255 

The electric power generated at a wind speed of 16 ft/s is 

^electric, 1 = ^wt, overall, l^available,l = (0.2790)(174.0 kW) = 48.54 kW 

The electric power generated at a wind speed of 24 ft/s is 

^electric.2 = ? 7wt.ovemll Aavailable2 = (0.3255)(587.2 kW) = 191. 1 kW 

The amount of electricity produced at a wind speed of 16 ft/s is 

^electric, i = ^electric, i x Operating hours j = (48.54 kW)(3000h) = 145, 630 kWh 

The amount of electricity produced at a wind speed of 24 ft/s is 

^electric , 2 = ^electric , 2 x Operating hours 2 = (191.1 kW)(4000h) = 764, 560 kWh 

The total amount of electricity produced is 

^electric, total =^clectnc,l +^ 1 ^ 0,2 = 145,560 + 764,560 = 91 0,000kWh 

Noting that the tip of blade travels a distance of kD per revolution, the tip velocity of the turbine blade for a rotational speed 
of h becomes 

^ . /inrnwir , . YlminY lmi/h ) . a 

=7rDn = 7r( 185 ft)(15/min) =99.1mph 

V 60s Y 1-46667 ft/s j 
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18-30 

18-65E Air velocities at the inlet and exit of a turbine are given. The wind turbine efficiency is to be determined when the 
frictional effects are neglected. 

Assumptions Wind flows steadily at the specified speeds. 

Analysis The wind turbine efficiency can be determined from Eq. 18-44 to be 

v 2 =v^i-n wt 

19.54/s = (25 ft/s) ^/l - 77 wt 

77 wt = 0.3916 = 39.2percent 
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18-31 


Hydropower 


18-66C A water pump increases the pressure of water by supplying mechanical energy. A hydroturbine converts potential 
energy of water into mechanical shaft work and the pressure of water decreases across the turbine. 

18-67C The maximum work that can be produced by this turbine is determined from 

vtW = ~ Pi)lp 

where p is the density of water. 


18-68C We are usually more interested in the overall efficiency of turbine-generator combination rather than the turbine 
efficiency because a turbine is usually packaged together with its generator and it is much easier to measure the electric 
power output from the generator compared to shaft power output from the turbine. 


18-69C No, we do not agree. The limitation that a machine cannot have an efficiency of 100 percent even in the absence of 
irreversibilities holds for heat engines which convert heat to work. A hydraulic turbine is not a heat engine as it converts 
mechanical energy into work and the upper limit for its efficiency is 100 percent. 


18-70C No, we do not agree. A wind turbine converts kinetic energy of air into work and the Betz limit is due to the fact that 
the velocity of air at the wind turbine exit cannot be zero to maintain the flow. A hydraulic turbine, on the other hand, 
converts potential energy of water into work and the water velocities just upstream and downstream of the turbine are 
essentially equal to each other. Therefore, the upper limit for the efficiency of a hydraulic turbine is 100 percent. 


18-71 C The overall efficiency of a hydroelectric power plant can be expressed as 

^7 plant — ^ 7 generator X ^7 turbine X ^7 piping 

Substituting the definition of each efficiency, we obtain 


^ 7 plant ^7 generator^ turbine^ piping 


^electric " 

V ^shaft J 

^electric " 

V ^shaft J 

w t 




shaft 


y^max ^mech, loss, piping 


1 - 


E 


\ 


mech, loss, piping 


w 

r max 


w e 


shaft 


W fl - F , , . . / W ) 

r max v mech,loss,pipmg' max / 


1- 


E 


JV 


mech, loss, piping 

w 

r max 


electric 

w 

,T max 


Therefore, the overall efficiency of a hydroelectric power plant is defined as the electrical power output divided by the 
maximum power potential. 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



18-32 


18-72C There are two basic types of dynamic turbine — impulse and reaction. Comparing the two power-producing dynamic 
turbines, impulse turbines require a higher head , but can operate with a smaller volume flow rate. Reaction turbines can 
operate with much less head , but require a higher volume flow rate. 


18-73 The power that can be produced by an ideal turbine from a large dam is to be determined. 

Assumptions 1 The flow is steady. 2 Water levels at the reservoir and the discharge site remain constant. 

Properties The density of water is taken to be p — 1000 kg/m = 1 kg/L. 

Analysis The total mechanical energy the water in a dam possesses is equivalent to the potential energy of water at the free 
surface of the dam (relative to free surface of discharge water), and it can be converted to work entirely for an ideal 
operation. Therefore, the maximum power that can be generated is equal to potential energy of the water. Noting that the 

mass flow rate is m = pV , the maximum power is determined from 


^rnax tilgH g ro s S P^gH g ro ss 

= (1 kg/L)(l 500 L/s)(9. 8 1 m/s 2 )(65 m)| 

= 15.94kW 


lkJ/kg 


2/2 


1000 nr/s 


18-74 The pressures just upstream and downstream of a hydraulic turbine are given. The maximum work and the flow rate of 
water for a given power are to be determined. 

Assumptions 1 The flow is steady. 2 Water levels at the reservoir and the discharge site remain constant. 

Properties The density of water is taken to be p = 1000 kg/m = 1 kg/L. 

Analysis The maximum work per unit mass of water flow is determined from 


w 


max 


Pi -Pi 

p 


(1025- 100) kPa 
1000 kg/m 3 


f lkJ ' 
vlkPa - m 3 , 


1.225kJ/kg 


The flow rate of water is 


w nm = thw imx = pVw )Ka 

v _ W ^ _ lOOkJ/s ( 60s N 
/Wma 0 kg/L)(l .225 kJ/kg) ( 1 min , 

= 4898L/min 
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18-33 


18-75 The efficiency of a hydraulic turbine is to be determined. 

Assumptions 1 The flow is steady. 2 Water levels at the reservoir and the discharge site remain constant. 

Properties The density of water is taken to be p — 1000 kg/m = 1 kg/L. 

Analysis The total mechanical energy the water in a dam possesses is equivalent to the potential energy of water at the free 
surface of the dam (relative to free surface of discharge water), and it can be converted to work entirely for an ideal 
operation. Therefore, the maximum power that can be generated is equal to potential energy of the water. Noting that the 

mass flow rate is m = pV , the maximum power is determined from 


^max JflgH gross sros 


gross 


1 min 


A 


60s 


(9.81 m/s 2 )(160m) 


= (1 kg/L)(l 1,500 L/min| 

= 300. 8 kW 

The turbine efficiency is determined from its definition to be 

W shaft 250 kW 


1 kJ/kg 
1000 m 2 /s 2 


^/turbine 


300.8 kW 


= 0.831 = 83. Ipercent 
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18-34 


18-76 A hydraulic turbine-generator unit produces power from a dam. The overall efficiency of the turbine -generator unit, 
the turbine efficiency, and the power losses due to inefficiencies in the turbine and the generator are to be determined. 

Assumptions 1 The flow is steady. 2 Water levels at the reservoir and the discharge site remain constant. 

Properties The density of water is taken to be p - 1000 kg/nr = 1 kg/L. 

Analysis (a) The total mechanical energy the water in a dam possesses is equivalent to the potential energy of water at the 
free surface of the dam (relative to free surface of discharge water), and it can be converted to work entirely for an ideal 
operation. Therefore, the maximum power that can be generated is equal to potential energy of the water. Noting that the 

mass flow rate is m = pV , the maximum power is determined from 


W, 


max 


l?lgH g ross pVgH g ro ss 

= (1 kg/L)(1020 L/s)(9.81 m/s 2 )(75 m)| 
= 750.5 kW 


lkJ/kg 


2,2 


1000 m7s 


The overall efficiency of turbine-generator unit is determined from its definition to be 

_ ^electric _ 630kW _ a qoqc _o/i OnaKranf 
7 turbine-generator — ^ — ^ — 0.8395 — 84.0 percent 

( b ) The turbine efficiency is determine from 


7 turbine 


7 turbine-generator 
7 generator 


9*221 = 0.8745 - 87.5 percent 
0.96 


(c) The shaft power output from the turbine is 


Wshaft = 




electric 


7 generator 


630 kW 
0.96 


656.3 kW 


Finally, the power losses due to inefficiencies in the turbine and generator are 
Wios St u Al „e = W m - W shaft = 750.5 - 656.3 = 94.2 kW 

Wiossgeneiator^shaft -^electric = 656.3 - 630 = 26.3kW 
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18-35 


18-77E The pressures just upstream and downstream of a hydraulic turbine are given. The shaft power output from the 
turbine and the height of the reservoir are to be determined. 

Assumptions 1 The flow is steady. 2 Water levels at the reservoir and the discharge site remain constant. 

Properties The density of water is taken to be p = 62.4 lbm/ft . 

Analysis (a) The maximum work per unit mass of water flow is determined from 


. P-P ? 
= m 


max 


= (280 lbm/s) 


(95-15) psia 


P 


62.4 lbm/ft 


1 Btu 

f ikj ^ 

v 5. 40395 psia- ft 3 y 

1 0.94782 Btu J 


70.09 kW 


The shaft power is 

^shaft ^turbineWU = (0.86)(70.09 kW) = 60.3kW 
( b ) The height of the reservoir is determined from 

^max = ™8 h 

h _W mu _ 70.09 kW 

mg 


= 185 ft 


(280 lbm/s)(32.2ft/s 2 ) 


lkW 


23,7301bm • fi 2 /s 3 
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18-36 

18-78 The irreversible head losses in the penstock and its inlet and those after the exit of the draft tube are given. The power 
loss due to irreversible head loss, the efficiency of the piping, and the electric power output are to be determined. 

Assumptions 1 The flow is steady. 2 Water levels at the reservoir and the discharge site remain constant. 

Properties The density of water is taken to be p = 1000 kg/nr = 1 kg/L. 

Analysis ( a ) The power loss due to irreversible head loss is determined from 


^losspiping pVgh L 


= (1 kg/L)(4000/60 L/s)(9. 8 1 m/s 2 )(7 m ) 


4.578kW 


lkJ/kg 
1000 m 2 /s 2 


( b ) The efficiency of the piping is determined from the head loss and gross head to be 


^piping 1 


= 1 = 0.950 = 95.0percent 

140 m 


(c) The maximum power is determined from 
Wimx =mgH gross = pVgH 

gross 


= (1 kg/L)(4000/60 L/s)(9. 8 1 m/s 2 )(140 m) 


= 91.56 kW 


lkJ/kg 
1000 m 2 /s 2 


The overall efficiency of the hydroelectric plant is 

? 7plant = ^7turbine-generator^7piping = (0.84)(0.950) = 0.798 
The electric power output is 


^electric ='7p,an,^,x = (0.798)(91 .56 kW) = 73.1 kW 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



18-37 

18-79 Various efficiencies of a hydroelectric power plant are given. The overall efficiency of the plant and the electric 
power output are to be determined. 

Assumptions 1 The flow is steady. 2 Water levels at the reservoir and the discharge site remain constant. 

Properties The density of water is taken to be p = 1000 kg/nr = 1 kg/L. 

Analysis The overall efficiency of the hydroelectric plant is determined from 

fylant = ^7 turbineV generator^ piping = (0.87)(0.97)(0.98) = 0.827 = 82.7perCent 


The maximum power is determined from 

^max — WlgH gross — g ro ss 

= (1 kg/L)(600 L/s)(9.81m/s 2 )(220 m) 
= 1295 kW 


lkJ/kg 


2,2 


1000 m /s 


The electric power output is 

^electric ='7p,a„,VV lx = (0.827X1295 kW) = 1 071 kW 


18-80 A hydroelectric power plant operating 80 percent of the time is considered. The revenue that can be generated in a 
year is to be determined. 

Assumptions 1 The flow is steady. 2 Water levels at the reservoir and the discharge site remain constant. 

Properties The density of water is taken to be p = 1000 kg/nr = 1 kg/L. 

Analysis The maximum power for one turbine is determined from 


^max =mgH smss =pVgH 


gross 


= (1 kg/L)(3300/60 L/s)(9.81m/s 2 )(150 m) 


lkJ/kg 
1000 m 2 /s 2 


\ 

/ 


= 80.93 kW 


The electric power output is 

^electric = ^planWmx = (0.90)(80.93 kW) = 72.84 kW 


Noting that the plant operates 80 percent of the time, the operating hours in one year is 
Operating hours = 0.80 x 365 x 24 = 7008 h 
The amount of electricity produced per year by one turbine is 

Weiedric = ^electric x Operating hours = (72.84 kW)(7008 h) = 510, 500 kWh 
Finally, the revenue generated by 1 8 such turbines is 

Revenue = n turbine x VF electric x Unit price of electricity = (1 8)(51 0,500 kWh)($0. 095/kWh) = $873,000 
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Geothermal Energy 


18-38 


18-81 C One common classification of geothermal resources is based on their temperature. 
High temperature resource: T > 150°C 
Medium temperature resource: 90°C < T < 150°C 
Low temperature resource: T < 90°C 


18-82C There are several options for utilizing the thermal energy produced from geothermal energy systems: Electricity 
production, space heating and cooling, cogeneration, and heat pump. The most common use of geothermal energy is 
electricity production. 


18-83C The quality or work potential of geothermal resources is proportional to temperature of the source. The maximum 
thermal efficiency of a geothermal power plant utilizing a source at 1 10°C and a sink temperature of 25 °C is /7 t h.max = 1- 
(25+273)/(l 10+273) = 0.222 = 22.2%. The actual efficiency of the proposed power plant will be much lower than this value. 
It is very unlikely that a power plant investment on this site will be feasible. It makes both thermodynamic and economic 
sense to use this source for heating or cooling applications. 


18-84C Approximate temperature requirements for geothermal applications are 
Electricity production => T > 120°C 
Cooling => T > 95°C 
Heating => T > 50°C 


18-85C Ground-source heat pumps are also called geothermal heat pumps as they utilize the heat of the earth. These systems 
use higher ground temperatures in winter for heat absorption (heating mode) and cooler ground temperatures in summer for 
heat rejection (cooling mode), and this is the reason for higher COPs. 


18-86C The purpose of flashing process is to convert saturated or compressed liquid to a liquid-vapor mixture. The resulting 
mixture is sent to turbine for power production. The flashing process is a constant-enthalpy process. Both pressure and 
temperature decreases during this process. 


18-87C This is a liquid geothermal resource at a relatively low temperature and a binary cycle is best suited for power 
generation. 
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18-39 


18-88E A geothermal site contains saturated mixture of geothermal water at 300°F. The maximum thermal efficiency and the 
maximum amount of power are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Water properties 
will be used for geothermal fluid. 

Analysis The maximum thermal efficiency can be determined from the Carnot efficiency relation using the geothermal 
source and dead state temperatures: 


^7th,max 1 


T 


L 


T 


= 1 - 


H 


(80 + 460) R 
(300 + 460) R 


= 0.2895 = 29.0percent 


The enthalpy and entropy values of geothermal water at the wellhead state and dead state are obtained from steam tables: 


T x = 300°F 
x x =0.35 


h x = 588.3 lBtu/lbm 
s x = 0.8566 Btu/lbm- R 


(Table A-4E) 


r 0 =80°F 
*0 =° 


h 0 = 48.07 Btu/lbm 
Sq = 0.09328 Btu/lbm - R 


(Table A-4E) 


The maximum power potential is equal to the exergy of the geothermal water available at the wellhead: 
W'max = V =m ] [h ] -h 0 -h 0 )\ 


= (100 lbm/s)[(588.31 - 48.07)Btu/lbm- (0.8566 - 0.09328)Btu/lbm- r] 

= 13,500kW 


lkW 


0.94782 Btu/s 


18-89 A residential district is to be heated by geothermal water in winter. The revenue generated due to selling geothermal 
heat is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Water properties 
will be used for geothermal fluid. 

Properties The specific heat of water at room temperature is c p = 4.18 kJ/kg-°C. 

Analysis The rate of geothermal heat supplied to the district is determined from 

2 heat = rkc p (T x ~T 2 ) = (70 kg/s)(4. 1 8 kJ/kg • °C)(90 - 50)°C = 1 1,704 kW 
The amount of heat supplied for a period of 2500 hours is 

2heat - 2heat x Operating hours = (1 1,704 kJ/s)(2500 x 3600 s) = 1 .053 x 10 1 1 kJ 
The revenue generated by selling the geothermal heat is 
Revenue = <2 heat x Unit price of geothermal heat 
= (1.053xl0 u kJ)($1.2xl0 5 /kJ) 

= $1,264 xlO 6 

$1.264millions 
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18-90E Geothermal water is to be used for space cooling. The potential revenue that can be generated by this geothermal 
cooling system is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Water properties 
will be used for geothermal fluid. 

Properties The specific heat of water at room temperature is c p =1.0 Btu/lbm-°F. 

Analysis The rate of heat transfer in the generator of the absorption system is 

Qgen =mc p (T x — r 2 ) = (86,000 lbm/h)(1.0Btu/lbm- °F)(210 — 180)°F = 2.580 x 10 6 Btu/h 

Using the definition of the COP of an absorption cooling system, the rate of cooling is determined to be 

COP arc = > a ool = COP X Q aen = (0.70)(2.580 x 10 6 Btu/h{ — 1 = 529.3 kW 

ABS Q gen co °‘ gen \ 34 12. 14 Btu/h J 

If a conventional cooling system with a COP of 2.3 is used for this cooling, the power input would be 

COP= 2cooi > w = 4^ = 529. 3 kW = 23Q t kw 

W in COP 2.3 

The electricity consumption for a period of 2000 hours is 

W in = W [n x Operating hours = (230. 1 kW)(2000 h) = 460,250 kWh 

At a discount of 20 percent, the revenue generated by selling the geothermal cooling is 

Revenue = (1 - /discount) x ^in x Unit price of electricity 
= (1 - 0.8)(460,250 kWh)($0. 14/kWh) 

= $ 51,550 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



18-41 


18-91 A single-flash geothermal power plant uses hot geothermal water at 230°C as the heat source. The mass flow rate of 
steam through the turbine, the isentropic efficiency of the turbine, the power output from the turbine, and the thermal 
efficiency of the plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( a ) We use properties of water for geothermal water (Tables A-4 through A- 6 ) 


P 4 = 10 kPa 
x 4 = 0.90 


\h 4 =h f + x 4 h fg = 191.81 + (0.90)(2392.1) = 2344.7 kJ/kg 


fg 


h 3 —h 4 2748.1-2344.7 _ 

rj T = — - = = 0.686 

h 3 -h 4s 2748.1-2160.3 

(c) The power output from the turbine is 

W T out =m 3 (h 3 -h 4 ) = (38.20kJ/kg)(2748. 1- 2344.7 )kJ/kg = 15,410 kW 

(d) We use saturated liquid state at the standard temperature for dead state enthalpy 


T 0 = 25 °C 


h 0 = 104.83 kJ/kg 


*o =° 

E m = m x (h x -h 0 ) = (230 kJ/kg)(990. 14- 104.83)kJ/kg = 203,622 kW 

^T,out 15,410 n-izn n 
77 lh = — t = = 0.0757 = 7.6% 



E. 


in 


203,622 
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18-92 A double-flash geothermal power plant uses hot geothermal water at 230°C as the heat source. The temperature of the 
steam at the exit of the second flash chamber, the power produced from the second turbine, and the thermal efficiency of the 
plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) We use properties of water for geothermal water (Tables A-4 through A-6) 


T x = 230°C 


x x = 0 


h x = 990.14 kJ/kg 


P 2 = 500 kPa 

h 2 = h x =990.14 kJ/kg 


x 2 =0.1661 


rh 3 = x 2 m x = (0. 166 1)(230 kg/s) = 38.20 kg/s 
m 6 = m x - m 3 = 230-0.1661 = 191.80 kg/s 


P 3 = 500 kPa 

x 3 = l 

P 4 = 10 kPa 
x 4 = 0.90 

P 6 = 500 kPa 
x 6 =0 

Pn =150 kPa 


h l = h 6 


P 8 = 150 kPa 

Iq = 1 


h 3 = 2748.1 kJ/kg 


h 4 = 2344.7 kJ/kg 


h 6 = 640.09 kJ/kg 


r 7 =111 .35°C 

JC 7 = 0.0777 


/z 8 =2693.1 kJ/kg 


2 



production 
well 


well 


( b ) The mass flow rate at the lower stage of the turbine is 
^8 = x 7 m 6 = (0.0777X191.80 kg/s) = 14.90 kg/s 
The power outputs from the high and low pressure stages of the turbine are 

Wn j0 ut = rihQh, -h 4 ) = (38.20kJ/kg)(2748. 1- 2344.7)kJ/kg = 15,410kW 

^n,out = (h~h 4 ) = (14.90 kJ/kg)(2693. 1- 2344.7)kJ/kg = 5191kW 


(c) We use saturated liquid state at the standard temperature for the dead state enthalpy 

h 0 = 104.83 kJ/kg 


T 0 = 25 °C 


*0 =° 


E in = mjC/ij -ho) = (230kg/s)(990. 14 -104.83)kJ/kg = 203,621kW 

Aou, 15,410 + 5193 nim 
rj th = — t = = 0.101 = 10 . 1 % 


E. 


in 


203,621 
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18-93 A combined flash-binary geothermal power plant uses hot geothermal water at 230°C as the heat source. The mass 
flow rate of isobutane in the binary cycle, the net power outputs from the steam turbine and the binary cycle, and the thermal 
efficiencies for the binary cycle and the combined plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) We use properties of water for geothermal water (Tables A-4 through A-6) 


T x = 230°C 
x x = 0 


\h x = 990.14 kJ/kg 


Pi 

h 2 


= 500 kPa 


= h x = 990.14 kJ/kgJ 


r*2 


= 0.1661 


m 3 = x 2 m x = (0.1661)(230kg/s) = 38.20 kg/s 
m 6 = rh x -m 3 = 230-38.20 = 191.80 kg/s 


P 3 = 500 kPa 

x 3 = l 

P A = 10 kPa 
x 4 = 0.90 

P 6 = 500 kPa 
x 6 =0 


h 3 =2748.1 kJ/kg 


h 4 = 2344.7 kJ/kg 


h 6 = 640.09 kJ/kg 


T 7 = 90°C 

Xn = 0 


h 7 = 377.04 kJ/kg 


The isobutane properties are obtained 
from EES: 


P 8 = 3250 kPa 
r 8 = 145°C 

P 9 = 400 kPa 
T 9 = 80°C 

P xo = 400 kPa 
*io 


h s = 755.05 kJ/kg 

h 9 =691.01 kJ/kg 
h xo =270.83 kJ/kg 

3 


W 


l~2 


separ 

ator 

1 



3 


flash 

chamber 


i 


production 

well 


i/ 10 =0.001839 m-7kg 

p,in = ^10(^1 1 - Plol'Vp 

= (o.OOl 8 19 m 3 /kg)(3250-400)kPa 

= 5.82 kJ/kg. 
h lx =h 10 + w p Xn = 270.83 + 5.82 = 276.65 kJ/kg 


lkJ 


1 kPa • m 


steam 

turbine 





air-cooled 

-1 Q 

condenser 


isobutane 

turbine 


BINARY 

CYCLE 


pump 



reinjection 

well 


/0.90 


An energy balance on the heat exchanger gives 

m 6 (h 6 -h 7 ) = m iso (h s -h n ) 

(191.81 kg/s)(640. 09 - 377.04)kJ/kg = m iso (755.05-276.65)kJ/kg >m iso = 105.46kg/s 

( b ) The power outputs from the steam turbine and the binary cycle are 

W T steam = ~ h 4> = ( 38 - 19 kJ/kg)(2748. !■ - 2344.7)kJ/kg = 15,410kW 


^T,iso = rh iso (.h 8 -hg) = (1 05 . 46 kJ/kg)(755 .05-69 1 .0 1) kJ/kg = 6753kW 
^net.binary = Aiso " <o "p.in = 6753 “ ^ 105 - 46 kg/s)(5.82 kJ/kg) = 6139 kW 

(c) The thermal efficiencies of the binary cycle and the combined plant are 
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Gin, binary =<o (^8 ~K i) = (105. 46kJ/kg)(755. 05- 276.65)kJ/kg = 50,454 kW 


W, 


*1 th,binary 


net,binaiy 


Q 


in, binary 


6139 

50,454 


= 0.122 = 12 . 2 % 


T 0 = 25 °C 

x 0 =0 


h 0 = 104.83 kJ/kg 


E in = m x (h x -h 0 ) = (230 kJ/kg)(990. 14- 104.83)kJ/kg = 203,622 kW 


^T, steam ^net, bin ary 15,410 + 6139 _ 

^7 th, plant = = = = 0. 106 = 10 . 6 % 


E ; 


rn 


203,622 
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18-94 A binary geothermal cogeneration plant produces power and provides space heating. The rate of space heating 
provided by the system, the mass flow rate of water used for space heating, the thermal efficiency of the power plant, and the 
utilization factor for the entire cogeneration plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Properties The specific heat of water at room temperature is c p = 4.18 kJ/kg-°C. 

Analysis (a) The rate of space heating provided by the system is determined from 

Cheat = *nc p (Te -T 7 ) = (175 kg/s)(4. 18 kJ/kg • °C)(85 - 65)°C = 1 4,630kW 

The mass flow rate of fresh water is 

Cheat = ™w C P ( T 9 ~ T s) 

14,630 kW = m w ( 4 . 18 kJ/kg • °C)(75 - 50)°C 

m w =140 kg/s 

(a) The rate of heat input to the power plant is 

Q m = me p (T 5 -T 6 ) = (175 kg/s )(4. 1 8 kJ/kg • °C)(165 - 85)°C = 58,520 kW 


The thermal efficiency of the power plant and the utilization factor of the cogeneration plant are determined from their 
definitions to be 


»U = 6900 kW =Q1179 = 1L8% 
Q m 58,520 kW 


= gW + ^eat = 6900 kW + 14,630 kW = a36?9= 36-g% 


Gin 


58,520 kW 


18-95 A binary geothermal cogeneration plant produces power and provides space heating. The amount of money than can 
be made by selling geothermal heat is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Properties The specific heat of water at room temperature is c p = 4.18 kJ/kg-°C. 

Analysis The amount of natural gas used to supply space heating at a rate of 14,630 kW is determined from 

. _ . <2 heat x Operating hours (14,630 kJ/s)(4200 x 3600 s) 

Amount of natural gas = = 

^boiler 0.85 

The revenue generated by selling the geothermal heat is 

Revenue = (1 - /discount) x Amount of natural gas x Unit price of natural gas 
= (1 - 0.25)(234,916 therms)($ 1 . 3/therm) 

= $229,000 


1 therm 
105,500 kJ 


= 234,916 therms 
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18-96C Biomass is mostly produced from agriculture and forest products and residues, energy crops, and algae. Organic 
component of municipal and industrial wastes and the fuel produced from food processing waste such as used cooking oil 
are also considered biomass. Despite relatively long period of times involved in growing crops and trees, they can be re- 
grown by planting, and therefore biomass is considered to be a renewable energy source. 


18-97C Growing of crops and trees as well as the conversion to liquid and gaseous fuels involves the consumption of energy 
in the form of electricity and fossil fuels such as coal, oil, and natural gas. The consumption of fossil fuels is accompanied 
by the pollutant and greenhouse emissions. Therefore, the renewability and cleanliness of biomass are not as good as other 
renewables such as solar, geothermal, or wind. 


18-98C In pyrolysis, biomass is exposed to high temperatures without the presence of air, causing it to decompose. 


18-99C The two most common biofuels are ethanol and biodiesel. 


18-100C Ethanol has a higher heating value (HHV) of 29,710 kJ/kg while the higher heating value of biodiesel is about 
40,700 kJ/kg. Since the heating value of biodiesel is higher, the car using biodiesel will get more mileage. 


18- 101 C The higher heating value of biodiesel is about 40,700 kJ/kg, which is about 9 percent less than that of petroleum 
diesel (HHV = 44,800 kJ/kg). Since the heating value of petroleum diesel is higher, the car using petroleum diesel will get 
more mileage. Biodiesel could increase nitrogen oxides emissions compared to petroleum diesel while significantly reducing 
hydrocarbon, sulfur and carbon monoxide emissions. 


18-102C Biogas usually consists of 50 to 80 percent methane (CH 4 ) and 20 to 50 percent carbon dioxide (C0 2 ) by volume. 
It also contains small amounts of hydrogen, carbon monoxide, and nitrogen. Biogas can be produced from biological waste 
such as animal manure, food waste, and agricultural waste. 


18-103C An important class of biomass is produced by households as trash or garbage. This is referred to as municipal 
solid waste (MSW). MSW includes mostly organic materials such as paper, food scraps, wood, and yard trimmings but 
some fossil content such as plastic also exists. MSW does not include industrial, hazardous, or construction waste. 


18-104C Recycling refers to recovery of useful materials such as paper, glass, plastic, and metals from the trash to use to 
make new products. Composting, on the other hand, refers to storing organic waste such as food scraps and yard trimmings 
under certain conditions to help it break down naturally. The resulting product can be used as a natural fertilizer. 
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18-105C In waste to energy (WTE) option, waste is burned directly for generating steam. This steam is run through a 
turbine to generate electricity. The second option is known as landfill-gas-to-energy (LFGTE), and it involves harvesting 
biogas (mostly methane) from the buried waste as it decomposes. Biogas is then used as the fuel in an internal combustion 
engine or gas turbine to generate electricity. 


18-106 Sugar beet roots with certain sugar content are used to produce ethanol. The amount of ethanol that can be produced 
from 100 kg of sugar beet roots is to be determined. 

Properties The molar masses of C, H 2 , and 0 2 are 12 kg/kmol, 2 kg/kmol, and 32 kg/kmol, respectively (Table A-l). 
Analysis The molar mass of ethanol C6 Hi 2 0 6 and sugar C 2 H 5 OH are 
4^c6Hi206 = 6x 12 + 6 x 2 + 3 x 32 = 180 kg/kmol 
4 ^c2H5oh = 2 x 12 + 3 x 2 + 0.5 x 32 = 46 kg/kmol 
The mass of sugar in 100 kg of sugar beet roots is 

'"sugar = '"/sugar X "'beet = (0.20)(100 kg) = 20 kg 

The ratio of mass of ethanol to the mass of sugar is obtained from the chemical reaction C6 Hi 2 0 6 — » 2 C 2 H 5 OH + 2 C0 2 is 

m ethanol _ ^^C6H12Q6 _ (2 X 180) kg _ ^ 

m sugar ^C6H50H 46 kg 

The mass of the ethanol produced is 


^ethanol ^fsugar 


m ethanol 


^sugar 


= (20 kg)(0.51 11) = 10.2 kg 
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18-107E Methanol is to replace gasoline in an internal combustion engine. The maximum power output from the engine with 
methanol as the fuel is to be estimated and the rates of gasoline and methanol consumptions are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , and 0 2 are 12 lbm/lbmol, 2 lbm/lbmol, and 32 lbm/lbmol, respectively (Table A-1E). 
The lower heating values of gasoline and ethanol are 18,490 Btu/lbm and 8620 Btu/lbm, respectively. 

Analysis The balanced reaction equation with stoichiometric air is 

CH 4 0 + fl th [0 2 +3.76N 2 ] >C0 2 +2H 2 0 + a th x3.76N 2 

The stoicihiometric coefficient a th is determined from an 0 2 balance: 


0.5 + a th =1 + 1 >a ih =1.5 


Substituting, 

CH 4 0 + 1.5[0 2 +3.76N,] >C0 2 +2H 2 0 + 5.64N 2 

Therefore, the air-fuel ratio for this stoichiometric reaction is 

m air (1.5 x 4.76 x 29) lbm 207.11bm , 

AJr — — — — 6.471 

m fue] (Ixl2 + 4xl + lxl6)lbm 32 lbm 


For a given engine size (i.e., volume), the power produced is proportional to the heating value of the fuel and inversely 
proportional to the air-fuel ratio. The ratio of power produced by gasoline engine to that of methanol engine is expressed as 


^gasoline _ LHV gasoline ^ AF methanol 

7 — X 

^methanol ^^^methanol -'^"gasoline 


^ 18,490 Btu/lbm V 6.47T 
v 8620 Btu/lbm Jy 14.6 y 


0.9507 


Then, the maximum power by the engine with ethanol as the fuel becomes 


^methanol ^gasoline 


IT, 


methanol 


w. 


=w, 


gasoline 


gasoline 


1 

0.9507 


200 hp 
0.9507 


210.4hp 


The thermal efficiency of this engine is defined as the net power output divided by the rate of heat input, which is equal to 
the heat released by the combustion of fuel: 


W. 


7th = 


out 


w. 


out 


Gin +uel X LHV X 7, 


Note that the lower heating value is used in the analysis of internal combustion engines since the water in the exhaust is 
normally in the vapor phase. Solving the above equation for the rates of gasoline and ethanol consumption, we obtain 


^gasoline 


^gasoline 


200 hp 


f 


m methanol 


7th x LHV gasoline x r lc (0.40)(18,490 Btu/lbm)(l) 
^methanol 210.4 lip 


42.41Btu/mi+ 


1 hp 


= 1 .15lbm/min 


/ 42.41Btu/m+ 


Uth x LHV methanoi x V c (0.40)(8620 Btu/lbm)(l) 


lhp 


= 2.59lbm/min 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



18-49 


18-108 A homeowner is to replace the existing natural gas furnace with a wood pellet furnace. The savings due to this 
replacement are to be determined. 

Assumptions 1 Combustion is complete. 2 Combustion efficiency for both furnace is 100 percent. 

Analysis The unit price of useful heat supplied by the furnace in the case of natural gas, in $/MJ, is 


Unit price of heat (gas) = 


Unit price of gas $ 1.35/therm 


1 therm 
105.5 MJ 


^7boilergas 0.90 

The unit price of useful heat supplied by the furnace in the case of pellet, in $/MJ, is 

Unit price of pellet $0. 15/kg 


= $0.0 1422 /MJ 


Unit price of heat (pellet) = 


= $0.009375 /MJ 


toiler, pellet X HV (0.80)(20 MJ/kg 

Using these unit prices, the annual fuel cost in the case of pellet furnace would be 

a i a i Unit price of heat (pellet) _ _ $0.009375 / MJ ^ , _ _ Q 

Annual pellet cost = Annual gas cost x : — : — — = ($3000) ■ , _ _ - ■ = $1978 


Unit price of heat (gas) 


$0.01422 /MJ 


Therefore, the savings due to this replacement would be 

Savings = Annual gas cost - Annual pellet cost = $3000 - $1978 = $1 022 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



18-50 

18-109 Municipal solid waste (MSW) is burned directly in a boiler to generate saturated steam and this steam is run through 
a turbine to generate power. The amount of steam and electricity generated and the revenue generated by selling the 
electricity are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis The properties of water at the boiler inlet (state 1), boiler exit and turbine inlet (state 2), and turbine exit (state 3) 
are obtained from steam tables (Tables A-4 through A-6) 

T = ?0°C 

1 L/7j =83.91 kJ/kg 

Ay = 0 



The revenue that can begenerated by selling the electricity is 

Revenue = VT electlic x xUnit price of electricity 
= (51 80 kWh)($0. 11/kWh) 

= $570 
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Review Problems 


18-110 A solar collector provides the hot water needs of a family. The annual natural gas and cost savings due to solar water 
heating are to be determined. 

Properties The specific heat of water at room temperature is c p = 4.18 kJ/kg-°C. 

Analysis The amount of solar water heating during a month period is 

Q = mc p Cl] -T 2 ) = (6000 kg/month)(4. 18kJ/kg • °C)(60 - 20)°C = 1.003 x 10 6 kJ/month 


The amount of gas that would be consumed (or saved) during the 8 month period is 


.1 1 


^ Q A .003 xlO 11 kJ/month 

Gas savings = = (8 months) 


f 


theater 


0.88 


1 therm 
105,500 kJ 


= 86.44therms 


The corresponding cost savings is 

Cost savings = Gas savings x Unit price of geothermal heat 
= (86.44 therms)($ 1.35/therm) 

= $116.7 


18-111 Two concentrating collectors with given characteristics are considered. The solar irradiation rate for collector B to 
have the same efficiency as collector A and the efficiency change of collector A for a change in irradiation are to be 
determined. 


Analysis ( a ) The collector efficiency of collector A is determined from 

7m - 7„ - 44 - - 0.88 - (2.5 W/rf ■ °C) 045 " 27 »° C 


= 0.8098 


CRx G 


A 


(7)(600 W/m ) 


Using the same relation for collector B at the same collector efficiency, we obtain the necessary solar irradiation rate: 


Vc,B - War Ub 


T -T 

± c x a 


CR x G 


B 


0.8098 = 0.88 - (3.5 W/m 2 • °C) (145 27) ° C 


(7)G 


B 


G b =840 W/m 2 


2 • 

( b ) The collector efficiency of collector A for a solar irradiation of 900 W/m is 


V c,A =J lar-U 


T -T 

± c x a 


= 0.88 -(2.5 W/m 2 •°C) 


A 


CR x G a 

The change in the efficiency of collector A is then 

A rj cA = 0.8332 - 0.8098 = 0.02341 = 2.34 percent 


(145 - 27)°C 
(7)(900 W/m 2 ) 


= 0.8332 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



18-52 


18-112 The initial cost of a solar power plant is given. The payback period of the investment is to be determined. 
Analysis The total cost of this power plant is 

Plant cost = Unit cost x W out = ($ 14,000 /kW)(10,000kW) = $1,400 x 10 8 

The annual revenue from selling the electricity produced is 

Annual revenue = W out x Unit price x Operating hours 

= (10,000 kW)($0.09 / kW)(5000 h/year) 

= $4.500x 10 6 /year 
The simple payback period is then 

Plant cost $1.400xl0 8 


Payback period = 


= 31-1 years 


Annual revenue $4.500 x 10 6 /year 

That is, this plant pays for itself in 31 years, which is not unexpected for solar power plants. 


18-113 Two cities are considered for solar power production. The amount of electricity that can be produced in each city are 
to be determined. 

Analysis Using the average daily solar radiation values on a horizontal surface is obtained from Table 18-3 for each city as 
G avgF1 = (17,380 kJ/m 2 • day)(365 days) = 6.344 x 10 6 kJ/m 2 

G aV g A t = (16,430 kJ/m 2 • day)(365 days) = 5.997 x 10 6 kJ/m 2 

Noting that the average thermal efficiency is 18 percent and the total collector area is 30,000 nr, the amount of electricity 
that can be produced in each city would be 


Amount of electricity (FI) = // lh AG mgB = (0.18)(30,000 m 2 )(6.344 x 10 6 kJ/m 2 ) 


Amount of electricity (At) = r/ th AG avgAt = (0.18X30,000 m 2 )(5.997 x 10 6 kJ/m 2 ) 


lkWh 
3600 s 


\ 


= 9.516x10 7 kWh 


lkWh 
3600 s 


\ 


8.995x1 0 7 kWh 
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18-114 The initial cost of a solar photovoltaic cell system for a house is given. The payback period of this system is to be 
determined. 

Analysis The total cost of the photovoltaic system is 

System cost = Unit cost x W out = ($1.3/ W)(6000 W)= $7800 

The current annual electricity cost to the homeowner is 

Annual electricity cost = 12 months/year x Monthly bill 

= (12 months)($ 125 / month) 

= $ 1500/year 

The homeowner can meet approximately 80 percent of the electricity needs of the house by the solar system. 

Annual electricity savings = 0.80 x Annual electricity cost = (0.80)($ 1500/ year) = $ 1200/year 


Then, the simple payback period is determined from 


_ , , . , System cost 

Payback period = 

Annual electricity savings 


$7800 

$1200/year 


= 6.5 years 


That is, this photovoltaic system pays for itself in 6.5 years. 


18-115 The ratio of power generated in two locations with different wind velocities is to be determined. 
Assumptions Wind flows steadily at the specified speed. 

Properties The density of air is same in two locations. 

Analysis The wind power potential is expressed for both locations to be 

1 3 

^availablej ~~PAV\ 

1 3 

^available;? 2 


The ratio of power generated from location A and location B is then 


^available-l 
^available- 2 


I MW 



(9m/s)3 =3.375 
(6 m/s) 3 
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18-116 An investor to install 40 wind turbines with a specified average wind speed. The payback period of this investment is 
to be determined. 

Assumptions Wind flows steadily at the specified speed. 

Properties The density of air is given to be p = 1.18 kg/m . 

Analysis The blade span area is 

A = kD 2 /4 = ;r(18m) 2 /4 = 254.5 m 2 
The wind power potential for one turbine is 


^available = \ P AV \ = \ d - 18 kg/m 3 )(254.5 m 2 )(7.2 m/s) 3 


lkJ/kg 


A 


1000m 2 /s 2 ; 


= 56.04 kW 


The electric power generated is 

^electric = V wt.overall^available = (0.33)(56.04kW) = 18.49 kW 


The amount of electricity produced is determined from 

^electric = ^electric x Operating hours = (18.49 kW)(6000 h) = 1 10, 940 kWh 
The annual revenue generated by 40 turbines is 

Annual revenue = rc turbine x W electric x Unit price of electricity 
= (40)(1 10,940 kWh)($0. 075/kWh) 

= $332, 820/year 


The payback period of this investment is 

_ , . . Total initial cost 

Payback penod = 

Annual revenue 


$ 1 , 200,000 

$332,820/)ear 


3.61years 


PROPRIETARY MATERIAL . © 2015 McGraw-Hill Education. Limited distribution permitted only to teachers and educators for course preparation. 
If you are a student using this Manual, you are using it without permission. 



18-55 

18-117 A school is considering installing wind turbines to meet its electricity needs. The required average velocity of wind 
is to be determined. 


Assumptions Wind flows steadily at the specified speed. 

Properties The density of air is given to be p — 1.2 kg/m . 

Analysis The amount of electricity used by the school per year is determine from 

Annual electricity cost $23, 000/year 




electric 


Unit price of electricity $0. 1 1/kWh 
The average rate of electrical power is 


= 209,090 kWh 






electric 


electric 


Operating hours 


11 0,940 kWh 
7500 h 


= 27.88 kW 


The available wind power is 


W. 


available 




electric 


7 wt, overall 


27.88 kW 
0.30 


92.93 kW 


The blade span area is 

A = 7iD 2 /4 = ;r(20m) 2 /4 = 314.2m 2 


The average wind velocity is determined from available wind power relation: 

1 , 

^available = - MV 

92.93 kW = — (1.2 kg/m 3 )(3 1 4.2 m 2 ) V 3 f 1 kJ/kg 

2 U000m 2 /s 2 J 

V = 7.90 m/s 
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18-118 A school is considering installing wind turbines to meet its electricity needs. The required average velocity of wind 
is to be determined. 


Assumptions Wind flows steadily at the specified speed. 

Properties The density of air is given to be p= 1.2 kg/m . 

Analysis The amount of electricity used by the school per year is determine from 

Annual electricity cost $23, 000/year 




electric 


Unit price of electricity $0. 1 1/kWh 
The average rate of electrical power is 


= 209,090 kWh 






electric 


electric 


Operating hours 


11 0,940 kWh 
7500 h 


= 27.88 kW 


The available wind power is 


W. 


available 




electric 


'H wt, overall 


27.88 kW 
0.30 


92.93 kW 


The blade span area is 

A = ttD 2 / 4 = 7r(30 m) 2 14 = 706.9 m 2 


The average wind velocity is determined from available wind power relation: 

1 a 

Available = “ MV 

92.93 kW = - ( 1 . 2 kg/m 3 )(706. 9 m 2 )V 3 f ' kJ/kg - 

2 v 1000 m 2 /s 2 

V = 6.03m/s 
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18-119 Mechanical energy of a waterfall in a village is to be converted into electricity by a hydraulic turbine. It is to be 
determined if the proposed turbine can meet electricity needs of the village. 

Assumptions 1 The flow is steady. 2 Water level of the waterfall remains constant. 

Properties The density of water is taken to be p = 1000 kg/m = 1 kg/L. 

Analysis The maximum power from the turbine is determined from 


^max mgH g ro s s p VgH 


gross 


= (1 kg/L )(3 5 0/60 L/s)(9. 8 1 m/s 2 )(80 m) 


1 kJ/kg 
1000 m 2 /s 2 


\ 

/ 


= 4.578 kW 


The electric power output is 

^electric = ^tuAin^gen^max = (0.82)(4.578 kW) = 3.754 kW 


Noting that the turbine will operate nonstop throughout the year, the operating hours in one year is 
Operating hours = 365 x 24 = 8760 h 
The amount of electricity that will be produced per year by the turbine is 

^electric, produced = Electric x Operating hours = (3.754 kW)(8760 h) = 32,885kWh 


The current amount of electricity used by the village is 




electric, co n su med 


Annual cost of electricity 
Unit price of electricity 


$4600 
$0.12 /kWh 


38,333kWh 


Therefore, the proposed turbine cannot meet entire electricity needs of the village. However, this may still be a good option 
as the turbine can meet 86 percent of the electricity needs. 
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18-120 An investor is to build a hydroelectric power plant. It is to be determined if the plant can pay for itself in 5 years. 
Assumptions 1 The flow is steady. 2 Water levels at the reservoir and the discharge site remain constant. 

Properties The density of water is taken to be p — 1000 kg/m = 1 kg/L. 

Analysis The maximum power for one turbine is determined from 


^rnax mgH g roS s 


gross 


= (1 kg/L)(565 L/s)(9. 8 1 m/s 2 )(90 m) 


lkJ/kg 
1000 m 2 /s 2 


\ 

/ 


= 498.8 kW 


The electric power output is 

^electric ^planWm* = (0.88)(498.8 kW) = 439.0 kW 


Noting that the plant operates 8200 h a year, the amount of electricity produced per year by one turbine is 

^electric = ^electric x Operating hours = (439.0 kW)(8200 h/year) = 3, 600, 000 kWh/year 

Noting that the operating and maintenance expenses of the plant are $750,000/year, the revenue generated by 10 such 
turbines is 

Revenue = (rc tuibine x W electric x Unit price of electricity) - O & M Cost 
= [(10)(3,600,000 kWh/year)($0. 105/kWh/year)] - $750,000 

= $3,030 5 000year 


The payback period of this investment is then 

_ t t . . Total plant cost $24,000,000 ... 

Payback penod = = = 7.92 years 

Annual revenue $3,030,00Cfyear 

This payback period does not satisfy the investor’s criterion of 5 years. 
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18-121 Geothermal water is flashed into a lower pressure in a flash chamber. The temperature and the fractions of liquid and 
vapor phases after the flashing process are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis The enthalpy of geothermal water at the flash chamber inlet is (Table A-4) 

r, = 210°C] 

1 \ h x =897.61 kJ/kg 

x i =° J 

A flash chamber is a throttling device across which the enthalpy remains constant. Therefore, the properties at the chamber 
outlet are (Table A-5) 


P 2 = 600 kPa 
h 2 =h l =897.61 kJ/kg 


r 2 =158.8°C 


Vo = 


h 2 ~h f 897.61-670.38 


h 


fg 


2085.8 


The mass fractions of vapor and liquid phases are 


0.1089 


mf vapor=^2 =0.1089 

mf liquid = (1 - x 2 ) = 1 - 0. 1089 = 0.891 1 


18-122 The vapor resulting from the flashing process is routed to a steam turbine to produce power. The power output from 
the turbine is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis The enthalpy of geothermal water at the flash chamber inlet is (Table A-4) 


T x = 210°C 
x x = 0 


h x =897.61 kJ/kg 


A flash chamber is a throttling device across which the enthalpy remains constant. Therefore, the properties at the chamber 
outlet are (Table A-5) 


P 2 = 600 kPa 
h 2 =h x =897.61 kJ/kg 


T 2 = 158. 8°C 

h 2~h f 897.61-670.38 
Vo = — = = 0.1089 


h 


fg 


2085.8 


The mass flow rate of steam through the turbine is 

rh 3 = x 2 m x = (0. 1089X50 kg/s) = 5.447 kg/s 

The properties of steam at the turbine inlet and exit are (Table A-5) 

h 3 = 2756.2 kJ/kg 
£3 =6.7593 kJ/kg -K 


P 3 = 600 kPa 


v 3 =1 


P 4 = 20 kPa 


s A = s> 


h 4s = 2226.4 kJ/kg 


'4 “ 

The power output from the turbine is 

Wr,out = Pt™ 3 Oh ~ h 4 s ) = (0.88)(5.447 kg/s)(2756.2 - 2226.4)kJ/kg = 2539kW 
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18-123 A single-flash geothermal power plant uses geothermal liquid water as the heat source, and produces power. The 
thermal efficiency, the second-law efficiency, and the total rate of exergy destroyed in the plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis The properties of geothermal water at the inlet of the plant and at the dead state are obtained from steam tables to 
be 


T x = 150°C, liquid >h x = 632.18kJ/kg, s x =1.8418 kJ/kg.K 

r 0 = 25 °C, P 0 = 1 atm >h 0 = 104.92 kJ/kg, s 0 = 0.3672 kJ/kg.K 

The energy of geothermal water may be taken to be maximum heat that can be extracted from the geothermal water, and this 
may be expressed as the enthalpy difference between the state of geothermal water and dead state: 

E in = m(Ji x — h Q ) = (420 kg/s )[( 632. 18 - 104.92) kJ/kg] = 221,449 kW 

The exergy of geothermal water is 

X in =m[(h l -h 0 )-T 0 (s 1 -s 0 )] 

= (420 kg/s)[(632. 18 - 104.92) kJ/kg - (25 + 273 K)(1.8418 - 0.3672)kJ/kg.K] 

= 36,888 kW 


The thermal efficiency of the power plant is 
^net,out 15,800 kW 


7th = 


= 0.07135 = 7.14% 


E m 221,449 kW 

The exergy efficiency of the plant is the ratio of power produced to the exergy input (or expended) to the plant: 
^net,out 15,800 kW 


7u = 


X; 


in 


36,888 kW 


= 0.4283=42.8% 


The exergy destroyed in this power plant is determined from an exergy balance on the entire power plant to be 

^in — ^net,out — ^dest — ^ 

36,888- 15,800 -X dest =0 

X dest =21,088kW 
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18-124 The higher heating value of biogas with a given composition is to be determined. 

Properties The molar masses of C, H 2 , and 0 2 are 12 kg/kmol, 2 kg/kmol, and 32 kg/kmol, respectively (Table A-l). 
Analysis The mole fractions of CH4 and C02 are equal to their volume fractions: 
yc H4 = 0-65 
yc 02 = 0-35 

We consider 100 kmol of biogas mixture. In this mixture, there are 65 kmol of CH 4 and 35 kmol of C0 2 . The mass of CH 4 
and C0 2 are 

m CH 4 = N cm M cm = (65 kmol)(16 kg) = 1040 kg 
m c 02 = N co 2 “ (35 kmol)(44 kg) = 1540 kg 

The total mass of the mixture is 

m totai “ m CH4 + m co2 = 1040 + 1540 = 2580 kg 

The mass fraction of CH 4 is 

M c „=^= 10401 = 0.4031 
2580 kg 

The heating value of C0 2 is zero. Therefore, the higher heating value of biogas is 
HHV biogas = mf CH4 x HHV CH4 = (0.403 1X55, 200 kJ/kg) = 22,250k J/kg 
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FE Exam Problems 

18-125 Which renewable energy sources are only used for electricity generation? 

(a) Wind and solar ( b ) Hydro and solar (c) Solar and geothermal ( d) Wind and hydro 

(< e ) Hydro and geothermal 

Answer: ( d ) Wind and hydro 


18-126 Which renewable energy source should not be considered as the manifestation of solar energy in different forms? 
(a) Wind ( b ) Hydro (c) Ocean wave ( d) Biomass ( e ) Geothermal 

Answer: ( e ) Geothermal 


• •••• 2 ••• 
18-127 Solar radiation is incident on a flat-plate collector at a rate of 450 W/m . The product of transmissivity and 

absorptivity is ra = 0.85, and the heat loss coefficient of the collector is 4.5 W/m °C. The ambient air temperature is 10°C. 

The collector temperature at which the collector efficiency is zero is 

(a) 95°C (b) 104°C (c) 1 12°C (d) 87°C (e) 73°C 


Answer: (a) 95 °C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

G=450 [W/m A 2] 

TauAlpha=0.85 
U=4.5 [W/m A 2-C] 

T_a=10 [C] 
eta_c=0 

eta_c=TauAlpha-U*(T_c-T_a)/G 
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• •••• 2 , ••• 

18-128 Solar radiation is incident on a flat-plate collector at a rate of 600 W/m . The glazing has a transmissivity of 0.85 
and the absorptivity of absorber plate is 0.92. The heat loss coefficient of the collector is 3.0 W/m °C. The maximum 
efficiency of this collector is 

(a) 92% (b) 85% (c) 78% (d) 73% (e) 66% 


Answer : (c) 78% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

G=600 [W/m A 2] 

Tau=0.85 
Alpha=0.92 
11=3.0 [W/m A 2-C] 
eta_c_m ax=Tau * Al p ha 


18-129 The efficiency of a solar 
term (T c - T a )/G , a straight line is 
(a) U ( b)-U 


T - T 

collector is given by tj c =tcc-U . If the collector efficiency is plotted against the 

G 

obtained. The slope of this line is equal to 
(c) ra (i d) — zee ( e ) U/G 


Answer: ( b ) —U 


• • • • • 7 

18-130 A solar -power-tower plant produces 450 kW of power when solar radiation is incident at a rate of 1050 W/m . If the 
efficiency of this solar plant is 17 percent, the total collector area receiving solar radiation is 

(a) 1750 m 2 (b) 2090 m 2 (c) 2520 m 2 (d) 3230 m 2 (e) 3660 m 2 


Answer: (c) 2520 m ? 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

W_dot=450E3 [W] 

G=1 050 [W/m A 2] 

eta_th=0.17 

eta_th=W_dot/(A_c*G) 
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18-131 In a solar pond, the water temperature is 40°C near the surface and 90°C near the bottom of the pond. The 
maximum thermal efficiency a solar pond power plant can have is 

(a) 13.8% (b) 17.5% (c) 25.7% (d) 32.4% (e) 55.5% 

Answer : ( a ) 13.8% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T_L=40 [C] 

T_H=90 [C] 

eta_th_max=1 -(T_L+273)/(T_H+273) 


• • • • 2 
18-132 In a solar cell, the load voltage is 0.5 V and the load current density is determined to be 80 A/m . If the solar 

2 

irradiation is 650 W/m , the cell efficiency is 

(0)4.7% (b) 6.2% (c) 7.8% (d) 9.1% (e) 14.2% 


Answer: ( b ) 6.2% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

V=0.5 [V] 

J_L=80 [A/m A 2] 

G=650 [W/m A 2] 
eta_cell=(J_L*V)/G 


18-133 The power potential of a wind turbine at a wind speed of 5 m/s is 50 kW. The power potential of the same turbine at 
a velocity of 8 m/s is 

(a) 80 kW (b) 128 kW (c)180kW (d) 205 kW (e) 242 kW 


Answer: ( d ) 205 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

W_dot_1 =50 [kW] 

VI =5 [m/s] 

V2=8 [m/s] 

W_dot_2=W_dot_1 *(V2 A 3/V1 A 3) 
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18-134 Wind is blowing through a turbine at a velocity of 7 m/s. The turbine blade diameter is 25 m and the density of air is 
1.15 kg/m . The power potential of the turbine is 

(a) 180 kW (b) 153 kW (c) 131 kW (d)116kW (e) 97 kW 


Answer: ( e ) 97 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

V=7 [m/s] 

D=25 [m] 
rho=1 .15 [kg/m A 3] 

A=pi*D A 2/4 

W_dot_available=1/2*rho*A*V A 3*Convert(W, kW) 


18-135 The power potential of a wind turbine at a wind speed of 5 m/s is 100 kW. The blade diameter of this turbine is 40 
m. The power potential of a similar turbine with a blade diameter of 60 m at the same velocity is 

(a) 150 kW (b) 225 kW (c) 266 kW (d) 338 kW (e) 390 kW 


Answer: ( b ) 225 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

V=5 [m/s] 

W_dot_1=100 [kW] 

D1=40 [m] 

D2=60 [m] 

W_dot_2=W_dot_1 *(D2 A 2/D1 A 2) 
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18-136 Wind is blowing through a turbine at a velocity of 9 m/s. The turbine blade diameter is 35 m. The air is at 95 kP a 
and 20°C. If the power output from the turbine is 1 15 kW, the efficiency of the turbine is 

(a) 29% (b) 32% (c) 35% (d) 38% (e) 42% 


Answer: (a) 29% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

V=9 [m/s] 

D=35 [m] 

P=95 [kPa] 

T=(20+273) [K] 

W_dot=1 15 [kW] 

R=0.287 [kJ/kg-K] 
rho=P/(R*T) 

A=pi*D A 2/4 

W_dot_available=1/2Tho*A*V A 3*Convert(W, kW) 
eta wt=W dot/W dot available 


18-137 A turbine is placed at the bottom of a 70-m-high water body. Water flows through the turbine at a rate of 15 m/s. 
The power potential of the turbine is 

(a) 10.3 MW (b) 8.8 MW (c) 7.6 MW (d) 7.1 MW (e) 5.9 MW 


Answer (a) 10.3 MW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

H=70 [m] 

V_dot=15 [m A 3/s] 
g=9.81 [m/s A 2] 
rho=1000 [kg/m A 3] 

W_dot_ideal=rho*g*H*V_dot*Convert(W, kW) 
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18-138 The efficiency of a hydraulic turbine-generator unit is specified to be 85 percent. If the generator efficiency is 96 
percent, the turbine efficiency is 

(a) 0.816 (b) 0.850 (c) 0.862 (d) 0.885 (e) 0.960 


Answer ( d) 0.885 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

eta_turbine_gen=0.85 

eta_gen=0.96 

eta_turbine=eta_turbine_gen/eta_gen 


18-139 A hydraulic turbine is used to generate power by using the water in a dam. The elevation difference between the free 
surfaces upstream and downstream of the dam is 120 m. The water is supplied to the turbine at a rate of 150 kg/s. If the shaft 
power output from the turbine is 155 kW, the efficiency of the turbine is 

(<0 0.77 (b) 0.80 (c) 0.82 (d) 0.85 (e) 0.88 


Answer (e) 0.88 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

h=120 [m] 
m_dot=150 [kg/s] 

W_dot_shaft=1 55 [kW] 
g=9.81 [m/s A 2] 

DELTAE_dot=m_dot*g*h*Convert(W, kW) 
eta turbine=W dot shaft/DELTAE dot 


18-140 The maximum thermal efficiency of a power plant using a geothermal source at 180°C in an environment at 25°C is 
(a) 43.1% ( b ) 34.2% (c) 19.5% ( d) 86.1% (, e ) 12.7% 

Answer: ( b ) 34.2% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T_geo=180 [C] 

T0=25 [C] 

eta_th_max=1-(T0+273)/(T_geo+273) 
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18-141 Geothermal liquid water is available at a site at 150°C at a rate of 10 kg/s in an environment at 20°C. The maximum 
amount of power that can be produced from this site is 

(a) 606 kW (b) 692 kW (c) 740 kW ( d) 883 kW (e) 955 kW 


Answer: ( e ) 955 kW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

T_geo=150 [C] 
x_geo=0 
m_dot=10 [kg/s] 

T0=20 [C] 

Fluid$='Steam_iapws' 

h_geo=enthalpy(Fluid$, T=T_geo, x=x_geo) 
s_geo=entropy(Fluid$, T=T_geo, x=x_geo) 
h0=enthalpy(Fluid$, T=T0, x=0) 
s0=entropy(Fluid$, T=T0, x=0) 

X_dot_geo=m_dot*(h_geo-h0-(T0+273)*(s_geo-s0)) 

W_d ot_m ax=X_d ot_g eo 


18-142 A binary geothermal power plant produces 5 MW power using a geothermal resource at 175°C at a rate of 1 10 kg/s. 
If the temperature of geothermal water is decreased to 90°C in the heat exchanger after giving its heat to binary fluid, the 
thermal efficiency of the binary cycle is 

(a) 7.5% (b) 16.3% (c) 14.4% (d) 12.5% (e) 9.7% 


Answer: ( d) 12.5% 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

W_dot=5000 [kW] 

T_geo_1=175 [C] 

T_geo_2=90 [C] 
m_dot=1 10 [kg/s] 

Fluid$='Steam_iapws' 

h_geo_1=enthalpy(Fluid$, T=T_geo_1, x=0) 
h_geo_2=enthalpy(Fluid$, T=T_geo_2, x=0) 

Q_d otj n = m_d ot* ( h_g eo_1 - h_g eo_2) 
eta th=W dot/Q dot in 
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18-143 A certain biogas consists of 75 percent methane (CH 4 ) and 25 percent carbon dioxide (C0 2 ) by volume. If the 
higher heating value of methane is 55,200 kJ/kg, the higher heating value of this biogas is 

(a) 25,100 kJ/kg (b) 28,800 kJ/kg (c) 33,900 kJ/kg (d) 41,400 kJ/kg 

(e) 55,200 kJ/kg 


Answer: (b) 28,800 kJ/kg 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

y_CH4=0.75 
y_CO2=0.25 
HHV_CH4=55200 [kJ/kg] 

MM_CH4=16 [kg/kmol] 

MM_C02=44 [kg/kmol] 

"Consider 100 kmol of mixture" 

N_total=100 [kmol] 

N CH4=y_CH4*N total 

N_C02=y_C02*N total 

m_CH4=N_CH4*MM_CH4 

m_C02=N_C02*MM_C02 

m_total=m_CH4+m_C02 

mf_CH4=m_CH4/m_total 

mf_C02=m_C02/m_total 

HHV_biogas=mf_CH4*HHV_CH4 


18-144 Consider 100 kg of sugar beet roots whose sugar content represents 15 percent of total mass. The sugar is converted 
into ethanol through the reaction C 6 Hi 2 0 6 — » 2 C 2 H 5 OH + 2 C0 2 . The amount of ethanol produced is 

(a) 15 kg (b) 13 kg (0 9.8 kg (d) 7.7 kg (e) 5.5 kg 


Answer: ( d) 7.7 kg 

Solution Solved by EES Software. Solutions can be verified by copying -and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

m_beet=100 [kg] 
mf_sugar=0.15 

"C6H1 206 = 2 C2H50H + 2 C02" 

MM_C6H1 206=1 80 [kg/kmol] 

MM_C2H50H=46 [kg/kmol] 
m_sugar=mf_sugar*m_beet 

m_ethanol\m_sugar=2*MM_C2H50H/MM_C6H1206 

m_ethanol=m_sugar*m_ethanol\m_sugar 
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